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Introduction 

The contents of this report cover a range of very-long- 
baseline- interferometry experiments applied to Earth physics. 

The research for these articles was conducted between 1974 and 
1982, in part under the auspices of NASA Grant No. NGR 
22-009-839. 
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The error budtiel for determination of baselines for thi> PF^MIi is shown on 
Fit,'. 5. The cross-hatched bars indicate the <>rror budj^et for the 1972—1973 
si'rie.s of four measurements described earlier in the paper. The open bars 
rei)iesjr.t Ihc ciii.ir budtjet for the new VLBI sysleir for PFMK. 

Note that we are showing a current error bud(iet of 25 cm even though the 
experimental data shown on Fig. 2 has a formal error of about half that 
value. We havi> purposely been consemitive in the error budget in order to 


itAsuRr'ei' AccuKACv ooau 

FDA 2A HOUR VLBI ORSERVATIUN 


EQU«ro«iAL bafelihe .unroNEHis s c« 

POUR BAVlIHE CmF^HEHIS 8 c«i 

POUR ponoH 10 cH 

VARIAII HIS IH UM 0.18 H) 


Fill. I. I’PMK nii’nKiircmi'Ml accuracy uoals. 
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Fit;. 5 Pl’ME error budtiol. 


• cover the possibility of small systematic biases which may not he apparent 

when viewing the data output. 

The changes required in the VLBl system in order to achieve the 5-em 
* Pl’ME fjoal are shown at the right hand of Fig. 5. An improvement in the 

signal/noisc ratio of the VLBI system of a factor of 20 will be achieved by a 
new wideband recording system entitled ‘Mark 111’. The present ‘Mark 1' 
system records at a data rate of 720 kB/sec, while the new ‘Mark 111’ sysU-m 
will record at a data rate of about 112 MB/sec. 

The addition of real-time calibration of all of the cable lengths will pro- 
duce a significant reduction in the sysU-m error. When the system is used to 
measure at centimeter accuracies, great care must be taken to accurately 
m«)nilor the length of the cables going up to the antenna which can vary in 
length as the antenna moves across the sky. 

Significant corn-ctions are required to account for the propagation 
through the atmosphere and the ionosphere. At the present time these pa- 
rameters arc* modeled. However when one desires centimet(‘r level accuracy, 
the generalized modeU a.c i.ot .icciiiati' enougii for Ui UTimning the propa- 
;ation correction for the wet atmosphere and the ionosphere, Mrrre direct 
iieasurcments are ret|uired. Recent work at the Goddard Space Flight (’ent<*r 
las demonstraU'd that thi dry atmosphere can h<- accurately modeled such 
that one can determine that com>clion very accurntely utilizing real time 
sensors for temperaturt' and pn'ssure at the antenna. 'The wet atmosphere is a 
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diffiTi'iit ciiu'slioii. We plan to m<iiint a mierowavi* radiometer on tin* VLRl 
antenna boresiRhtcd with the \ i.BI antenna. This mierowave radiometer will 
operate at freqiiencii's on and off the 22-GII/. water vapor lim* in order to 
dir»*elly mea.sure the water vapni eonti'nt along the path to the radio source. 
Field tests of mierowave radiometers have shown that it is feasible to deter- 
mine the correetit)n for the wet atmosphere to within 2 cm. Tht* I’l’Mii \ LB1 
system will opt'rate simultaneously at 2300 MHz and 8-tOO MHz in order to 
measure the difference in path length at the two fre(|ueneies caused by the 
ionosphere. By utilizing the known frequency dependence of path lenglh in 
the ionosphere, it will be possible to compute the ionospheric correction to 
an accuracy of less than a centimeter.. 

The geophysical effects listed are such items its diurnal polar motion, 

UT.l, earth tides, and ocean loading. The.se are parameters that are solved 
for in the VLBl determination of ba-selint's. Improvements in this area come 
from improvements in the modeling of these vaiious parameters and the e.\- 
peiimental determination of their characteristics to grt-ater precision. 

Another scientific output of this VLB! program will be a better deb-rmi- 
nation of source structure. Although the qua.sars u.sed for sources in \'LH1 
arc e.xtremely small, Ihey still have a finiU' angular size and a source struc- 
ture. This must be taken into consideration in the .sophisticated processing 
for centimeter level accuracies. The arrangement of these stations for Pl’MK 
provides a radio astronomy luray which will have ver\’ high resolving power 
for determinations of the source structure. 

A block diagram of the new I’l’MF VLBl station is shown on Fig. 0. The 
key features are as follows. There are two receivers, simultaneously n-i civing 
.signals at the S-band (2300 MHz) and X-band (8400 MHz) for the determina- 
tion of ionospheric propagation. These two receiver outputs go to the ‘.Mark 
111’ backend sysb’in where each 11’ channel is converted to 14 video chan- 
ni'ls, each 2 MHz wide, and s|iauning a total RF bandwidth of 100 MHz. 

With the two receivers there is a total of 28 such video channels. Each viileo 
channel is digitized at a 4 MB/si*c rate and recorded on a 28 track tape rei onl- 
er. The ‘Mark 111’. system is compuler-controlled for reliable automated 
operation, 'fhe computer also operates the calibration system which mea- 
sure's the IcMigths of cables going up to the receivc'r and aUo (irovides the 
phase calibration signals at the input of the receiver. As mentioned earlier, 
each station has a microwave raUioiUcU r system for measuring the water 
vapor content. Likewise they have a meteorological recording system. The 
frequency standard for the station will be a hydrogen maser frer|Uency stan 
(lard that was developed by Harry Peters at Goddard. 

Figure 7 is a diagram of the PP.ME data flow after the data are recorded at 
the slation and sent back to a central processing facility. .\ key feature of 
this system is that the correlator will be able to proc(*ss tapes from as many 
as four difb’renl stations simultaneously. This simultaneous fringe processing 
permits closure solutions to bi’ determined around the various lrif"i ! 
formed by the baselines. This high < apability conclalor will be implemented 
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in hardwan* in ortlor to adiinvn vnry hiuli spend proeessint;. 

Til" following fum lions of frinc<' fitting, editing, and parameter estima- 
tion will all l)e performed on general jnirpos*' digital eomputers. 

The I’aeifie Plate Motion Kxiieriment is just in iU beginning sUiges. The 
engineering and implementation of this system w'ill take sc-veral years. It is 
e.spc' tetl that the PPiME oneralions will start early in 1978 and will be eon- 
tiiun vl for at least three years. Tliis should result in the direct mea.sun ment 
, of tl • motion of the island of Kauai rt‘lativo to the North Ami*riean Plate 
with an accuracy of about 2 cm/yr. 
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I INI: STRUCTURt OK 25 F.XTR.UiALAn 1C RADIO SOliRCKS 

J. J. V\ IITLLS. C. A. KNICjHT, and I. 1. SllAHRU 
Musuehiiscllt InMitiiic of 1 cchnolosy 

II. IIINTI RKitilR. A. r. n. ROGIR.S, AND A. R. WimNIY 
Northeast Kuilio Observatory Corporation 

T. A. Clark, L. K. Hi lton. and G. E. Marantjino 
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Jet Propulsion Laboratory 

H. O. RAnnAnii andO. K. H. Rvdbk k 
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\\. K Kiimitrir and W. W. \Varno< k 

National Oceanic and Atmospheric Administration 
RccrireJ lt74 Jaiiiuiy 2! , letisrJ 1974 July I 


AltSlRAt T 

lielween 1972 April and 1973 May. 25 exlr.icalacti,. radio sources were observed intcireromelncatly at 
7.8 CiM/ (A s 3.8 cm) with live pairings of anicnn.is Ilicsc souices eshibil a Inoad variety of fine structures 
from sery simple to comples. Allhough the ilruclurc and the total power of vinie of llwsc touiwcs have n inamed 
unchanged within ihe seitsilisily of our ineasureinenis during ihc year of ohseisations. both the total (lu\ and 
the correlated Hus of others liase undergone large changes in u few weeks. 

Subject hrnilwi;: quasi-stelLi sources or objects 


, I. iNIRODlCTins 

The small-scale structure of cxtrapalactic radio 
sources, p.irticularly QSOs, provides an important 
clue for the understanding of the physical processes 
occurring in these objects and their origin and evolu- 
tion. With ry-long-basclinc interferomclrv I VI HI), 
wc have prokd such sources tlow n to a scale <rf tenths 
of a milliar. cond and discovered a wide variety >f 
behavior: the structure may vary on a time scale of 
days or months or virtually not at all: the correlated 
flux data may be compatible with simple models, such 
as ihii.sc compo.scd of one or two coiiipoiiwiiis, m.., 
exhibit very eomplic.iletl patterns. 

In this p.iper we present, for 25 sources, data ol>* 
tained from V| HI observations carried out between 
1972 April aii J 197.3 May. Section It contains a brief 
description of the observations, some aspects of the 
data proccssipii. and a discussion of errors. Section III 
is devoted to n explanation of the figures. Individu.il 
sources arc discussed m $ IV. 

II. OIISI RVAIIIINS 

The fuui radio antennas used in these observation.', 
and their Im.itions and diameters are: Haystack, 
Vlussachiisc I2u-b)0t (-J6.6 m>; Gohlstcnc, I ,ili- 
fornia 2l(M'o.>t (64 m); Onsala. Swe 'cn M-fooi 


• NASA-S'' Rv'iiicnl Rewarch Acvucialc. 


(25.6 m); and I airbanks, Alaska 85-foot (26 ni).* 
Tabic I shows which antennas were used <>n each 
observation day. All observations reported here wc.v 
made near 7 8 GH/ with left-circular jvdaii/ation 
(I.I..K.F.. convention). A wide-bandsyntlicsistechniqu 
(Rogers 1970; IliiKercgger <9 «/. I‘>72) was empU'" r' 
on all observation days except 1972 July ^ and K' 

' Hereafter H • Havstack. Ci « ( iotdsUme, () « Ons.ild, 
aiul I • I airbanks. 

1AUI I I 


tail or 1 . SI I Hivtt Sis 


Ssmhol 

l).ile 

Antennas 

□ 

. 1972 April 14. 15 

H. Li 

0 : 

(972 Mav 9, 10 

II. Li. 1 

JL 

( .72 M,.) 29. JO 

II. L.. 1 


(972 June i 

H. F 


1972 Jime ( 1 . 7 

II. Li. 1 

» . 

1972 Jiim- 27. 28 

II. Li 


I'tii July >, 

il. Ij 

X 

1972 August 29, 30 

Y 

1972 Nosember 7 

It. L. 

♦ 

1973 l ehiiijiy 4. 5 

II. L 

X 

(973 March .Ml. 31 

(1. V. 

7 

1973 May 17, 18 

M. Lr. 0 


1973 May IS. 19 

H. 0 


1973 May 22. 23 

M, (J 


Nun, - H « llasslack, Li ■ (iolsltionc, I ■ I .iirbaiiss. 


O Onsala. 
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« 
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I 
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1 
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TABU 2 

C()Mllim'1l(IN« ()| ISTtlllMIOMtTIK MaKI>\S<NI ANf> Sol rU ADI 
10 Lkhorn IS ( kiv.i-Ampi m ill t>i ii nmisaihisi 


Source of 1 nor 

1 ITrsi on Amplitude 

Mcliiod ol IVterminalion 

Antenna pointing 

Variable -conecjvahl) up lo 

Wficn source tempciaturc is measured, point- 

Dilleunce in polarization 

100 percent 

ing eiior is dclernnned from radionictry 
data and lemosed in normali/alion. When 
source lemperaliirc is nol measured, iHiini' 
ing error cannot hr estimaled irliably bm 
can only devrease fringe ampliliide. 

K’lween antennas 

Diircrcnce in disperviou (nonl'near phase 
versus Irequency respsinser beiwecn feed 

< 1 percent icross-polaiizalion 
dovsn by more iii.in 20 dll) 

f nginrcring data on feeds. 

systems 

Uitfcrcncc m dispersion betvseen 

< 0 01 percent (< 25 MMz ■') 

I lirorclieal e.linutlr. 

low-nois- .’mplifiers 

< n ni ncrccni (< 25 Mil/ ') 

1 lieorcUeal cslimatr. 

Local-useilljtor phase noise 

DifTerrru-c in inicrmedialc freguciKy 

<0.2 I'crceni < 10 ) 

Phase noise lucasuiid using phasc-i'alibialion 
signal, 

ilispsruon 

P.iriial nnnnvcrlap of bandpass at high 

<0.01 pci >nt(<25" Mil/ ') 

Mamifaciurer's s|Kx-l(Wa’lon\. 

raici 

Diltcrcncc m dispersion between 
frcguency conveners; ivcordinii and 

< .V pericnl (< 10111/ in ViiOSH/i 

Ihcoietleal csiim.ite. 

pr<vming 

Bias in fringe ampliliidc due to estimation 
ol ampliluile rather than inlcnsiiy 

< II pcricnt in lolii 

Mcasuicmenis made with aililicial noise 
Mitiiecs injc-slcd into irequrr.ev conseilcrs 
(we lest). 

(Whitney lt»74) 

(Znly impurlanl when the 

ompliiude is near zero. Worst 
case in this paper has the 
estimate of the amplitude loo 
high hy about 0.2 fu 
(see note to table .t). 

Thcoictieal csliinalc. 


May 17-18. Hydrogen-inaMrr frequency standards 
vscrc iscd at all sites on all dales except for 1973 May 
17 I >, when u rubidium standard had to be used ui 
Goldsionc. 

The Mark I system ssas used to record the data on 
mapnetic tape. The accuracy of this system and of our 
dal i-proccssing programs \sasrcccntlycheckcd ( Rogers 
IV73i by sinuiiianeously recording tvso tapes at 
I lay stuck using separate video conseitets. The input to 
each converter consisted of an inde|Kiidcnt noise 
soiirve plus a fraction of the same noise source. Ihis 
fraction ol correlated signal was measured with square- 
law detectors that were attached to each convener 
output, and the results were compared with the output 
of the processing programs for a set of fringe rates in 
the range from 0.5 to 20.t>0(t llz, which encompassed 
the obiw'rved fiinge rates, llie fraction of correlated 
noise was also varied to range between 0.03 and 0.28. 
The omparison showed that the difleience varied but 
was . Ivvays within 6 percent— about 3 limes the un- 
ccri.iMity of the square-law detector measurements. 

1 he separate instrumental and dala-processor con- 
tributions to the degradation of the fringe amplitude, 
inclu'' ng those measured in the ihove test, arc listed 
in tabic 2. I he ctfect of the atm >-.phcre on the fringe 
anipliiiide is negligible except .it low elevation angles 
where it is still expected to he less than a few percent. 

Til unnormali/ed fringe amplitude from each pair 
of ta|«.s was normalized by use of o.s-stiurcc (T^^) and 


rn I -source C/on) system temperatures for each 
antenna site; 


N .\. - U.A. 


/ Tq h I / T Wi I 

' Tom “ forr '»iui* T„|, — lort '•«»« 


where N.A. denotes the normalized fringe amplitude 
and U.A. the unnormalized amplitude. The U.A. is 
approximately equal to twice the fraction of correlated 
bits minus I, which fotiiiulalion takes into account the 
ellecls of system noise. I or a large signal-to-noise 
ratio, the standaid deviation of the estimate of each 
U..\. IS pioptsrtiori.il to the inverse square nnii of the 
product of the bandwidth and the integration time; 
for Mark I this standard rleviaiion’ is 2 4 x 10* in 
most cxpeiirnents the values of U.A were based on 
data tibiained in a ut of vhannels .RiOkHz wide 
tvnlered at frequencies 1-50 MHz fmm tlic central 
channel at 7R5UMHz. In some cases the data from 
one or more of the separate frequency channels were 
not used; in thev cases the standard deviation was 
increased by the square root of the ratio of the total 
number of channels to the mmilvr actually used. 

I he tmcerlainiies m tlu im.ites of U A., for the 
observations reported here, were negligible compared 
with the radiomelry errors (i.e., compared with the 
errors in the estimates of /, , in j /o,r). except for 


* All errors nuiUril ui Ihi- (■ r aic estimates r*f I •. 




16 


ORIGINAL PAGE IS 
OF POOR QUALITY 


16 


J J. WITTELS ET AL. 


sources with corrclateil lluxes less than 3 fu. These 
nicasurcments of Ton 7ow "ere always wide-band 
measurements encompassing the entire synthesized 
bands' i.ltli. No attempt vsas made to measure the 
variation of system gain o\er the individual frequency 
channels (sec table 2). 

Tile methods of measurement of T^n and 7 ’ofk 
varied: Initially a chart recording, and later a noise- 
adding radiometer, was used at G; at H and O a 
calibrated noise tube and a chart recording were used. 
As wi'' le explained below, no usable radiometry data 
were i lained at F. 

At O. the system temperature. (ToffIo. of about 
60“ K. the antenna efficiency of about 12 percent, and 
the radiometer bandwidth of 2 MHz yielded a system 
sensitivity insufficient to determine source temperature 
reliah'- therefore, source temperatures (Ton - 7'nKF)o 
were alv.ays estimated by using those measured during 
the sail' ‘ experiment at another site and multiplying 
by the K.tio of the cfTective areas (.1.) of the antennas, 
For example. 


(Ton ~ 7off)o — / (To.n ~ '^ ory ) o '> 


and 


(7o,n)o “ (Ton — 7on-)o + (7 off)o • 

The values used for {A,)o and {Ton — 7’of,)u "<tre 
those f.'r the elevation angle corresponding to the 
maximum cH'cctive area; the elfective areas of all other 
antennas were assumed not to vary vviili elevation 

apfi, 

■At F, a system temperature of 300 K., prev iously 
measured, was used. No sources could be seen above 
this background so that here also source temperatures 
wer. I eulated as above. 

Each Ton. Toff, or (Ton - Toff) <hal was based on 
diret! leasuremcnts was taken as the mean of the 
values I blained during, or immediately before or after, 
each c 'servation. .Since the statistical sample was 
aivvav .mail, the standard error for each such tem- 
perature cstimaievvas:tssignedthcvalue[r/',y — 7„) 2J, 
vvher , and T„ were the ma.ximum and minimum of 
the relevant measured values, respectively. 

When the source temperature was calculated, the 
error ■ ts taken as the square root of the summed 
squares of the errors in the quatUitics used in the 
calculation. These errors do not include uncertainties 
due to the assumption that A, is independent of 
elevaii n. Iti tiddilion. they do not include two other 
sources of systematic uncertainty: (I) an clevation- 
dependc'U error due to atmospheric absorption that, 
at low I v.ition angles, is larger than the unceitainty 
due to the variation of A,, (2) an antenna pointing 
error dii • to the inability to detect the sources in total 
powei F atid O. Both of these efl'ects, when uncor- 
rcctcd, .luse the fringe amplitude to be utidcr- 
estim, !. Sonic of these problems were so severe at F 
that d., ,ire presented here only for 3C X4, the strong- 
est sou e; for other sources, even the ratios of the 


fringe amplitudes for the two independent baselines 
involving F were unusable. 

The resultant error in N.A. was taken as the square 
root of the summed squares of the relevant errors, 
including that for U.A. The largest contribution to 
this error came from the measurement of the source 
temperature, (Ton — Toff). 

The correlated flux was obtained from the N..A. by 
multiplying the latter by the total flux of the source.'’ 
Total Ilux (1 .F.) was calculated from the same radiom- 
etry d.ita used in the normalization: 


T.F. = (Ton - Tor,) 


Flux of Calibrator 
(Ton ~ ToFF)c»iihi«tor 


where (T„n — 7'„ff) the maximum value obtained 
for the source during the given day of ohservation. 
The error in total flux was esriniaied by taking the 
square root ol' the summed squares of the errors in 
(Ton - Toff) of the source and the calibrator, and the 
error in the estimate of the flux of the calibrator. 

Whenever possible, the data from the G site, where 
the system temperature w'as lowest and the effective 
antennaarea lareest,wrrcusedtoobtain(rpM — ToffI- 
Tither I’lsS 2!34-t(X) (Dent 1974), .fC 274 (Baars and 
Hartsuijker 1972), UR 21 (Dent 1972/r), or some com- 
bination of these source . was used for calibration. The 
total flux for each source on each day is given in table 
3, with the calibrator sources for each day being 
marked. 

Table 4 contains estimates of the individual contri- 
butions U) the errors in ihe correlated Ilux, as well as a 
decomposition of these errors into systematic and 
random compoiieiits. 

On 1973 May 1 7- 1 8 the mcasurciiients had an added 
source of error; the phase noise introduced by the 
rubidium standard used at G. This phase noise usually 
had a negligible ellect on the correlated Ilux, but at 
times reduced it by as much as 30-40 percent; for these 
limes we reduced the dl'ect of these phase )luciti i.h>r 
by processing coherently over segments of data shorter 
than the 180-second tape, and then averaging tin 
segments incoherently. 


III. IKiURt.S 

Results from these observations arc presented in 
figures 1-32 along with the u-v track traced out by 
each source from rise to set on each intcrferomcier 
ba.seline for which data are plotted. Note that data 
were not aivvays taken during the entire period of 
iiiulu.il vi^ibility shown by the track. Result.s tor 
sources observed fewer than about 10 times on a iiivcn 
baseline arc listed in tatilc 5. Figimes 15, 16, and 22 arc 
somew hat uiicoiivenlional as they show correlated Ilux 
as a function of u and r. These plots arc useful Ibr 
visiiali/in;t the variations of correlated flux 'with 
clutiiges .ii baseline (irojection. 


’ III III p i|Vi lilt liTin “Ilux" I'cfers to the power i i .Jem 
per unit area per unii lici|ucnc)' interval (i.c., Ihe niojilier 
"Jciisii' ■■ '■> c in'isleiilly oniilted). 
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A. CONTKIBLniONS TO ERKORS in CoRRlLATI O-E'LUX DuIRMINATIONX 


Source of Error 


EtToct on CorrclateJ Plus (Cl ) 


Unnormahzod fringe-amplitude estimates (H )‘ . . . 


System-icmperalure measurements 


Sourcc-tcmperaturc measurements (/O 


Antenna elViciencics used to calculate source 
temperatures (S') 

Total-flux measurements (S) 


Fractional error depends on the unnormalized amplitude, the number of 
short recoids, and the number of usable frequency chuniicls, hovsevei, 
tvpicallv: 

CE li'u) no HO GO HP Gi 


10.0 «i7o 

<1/0 

<17. 

17. 

4.0 < 1 

2 

1 

3 

2.0 1 

3 

2 

5 3' 

1.0 2 

5 

3 

5 

0.5 3 

8 

4 

7 

G and 11. C17. (R) 
O, «5“’„ (R) 

F. « lOTo (R and S) 




Depends on total flux (1 E). W’e consider four categories: 

TP; 0 4 fu 

4-12 fu 

12-20 fu 

>20lu 

G: 10 20"„ 

~57, 


- 

II: (no! measured) 

5-107. 

~57. 

«37. 

Ha: 37.. Ci ar27„ 

o 5:57.; 

r - 57.t 



Sec table .1 


* R indicates error contribution is random; S indicates erior contribution is syxicmalic. 

t These errors do not include any systematic elfecis due to possible variation of elliciency with antenna orientation- oiob- 

lem at H and O but may be a problem at E where it was not mcasuied- or duw to atmospheric clfects at low elesaiion. 

B. S. l“ARAtION INTO SS STIMATIC AM) RANDOM CONTRII.dlONS TO Till ErROR IN CoRRI.1 ATtD-pLL'X DlTrRMINATIONS 



100 % 
80 
60% 
< 40 % 
20 % 
0 % 


Random Error 
Systemotic Error 


100% 


50 7< 


60“/ 


40% 


20 % 


0 % 


Depends on Source 


• 3G 27-1 is included ssilh sources betwe>'n 0 an I 4 fu bn ati - it- ror.ii'.ici romoor-’i' contain' only 2-7 fu. 
I ..<.>1 uiciC IS uao One suaice in a ..alegoiy, uiny tin. suur>.e name is iisleU. 
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GST (HOURS) ’ 

F'-' I- — Ccrrelatcd flux versus GST for ihc QSO NRAO 140. measured with the M-C interferometer. The line throuith the 
data I .lints is a sketch only, and has no theoretical basis. The inset shows the « - r track from rise to set for the H-G baseline. 
Tick m.arks are on the (GST) hour. The m and r axes have units of frinpes per arcsccond, and arc defined as follow's; u is mcas* 
ured positive in the direction of increasing right ascension, and eis measured positive toward north. The arrow on the GST scale 
marks the time when the interferometer hour angle is zero. 
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Fio. 2. — As in fig. 1, but for the QSO CTA 26 
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Tic). 3. — As ill hg. 1, but for the BSO OJ 287 
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GST (HOURS) 

Fig. 4.— As in fig. I, but for the USO OK 290 


GST (HOURS) 

Fig. 5. — As in fig. I, but for the elliptical galaxy 3C 274 


00208 


GST (HOURS) 

Fig. 6.— As in fig. 1, but for the Seyfert galaxy OQ 20K 


NRP0512 




GST (HOURS) 

Fio. 7. — As in fig. I. but lor the unidentified object NRAO 512 
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GST UHOI 

Fia. 8.— As in fig. 1, I 


CTR102 


1 — 
1 

-200 ^ a 


1^ 

k- 

u 

o * 

2 ^ 

> 


lij 

£ ' 
s°l 


GS 

Fio. 9. — As in fi| 
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GST (HOURS) ® 

Fin, 10 

Fii,« 0 ami 11. -Correlated (lux versas GST for NR AO 150 obsersed. icspcetivcly, with the 11-G and 11-0 inlerlorrnKici- 
The tin s through the data arc based on a graphical solution (see le\ll wluih Cv<i responds to a two-poipt-sourcc me JJ mih a 
position -ngle of about 05 and a point separation of about 078 >« 10 I he ariow marks intcricromcicr hour angle eijual to zero. 
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per ai, etoiid. Tick marks arc on the (GST) hour, ' ^ IsriniUcd b> ihe available data. The // and i uses have units of frir.j 
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Flo. 13. — Ciirrclalcd flux versus GST fiu the Scyfcrl galaxy 3C 120 observed with ilic H-Ci inlencromeler. The labels a, b. c. 
d, c, ar f each refer to a given day's data and to the curvetsi shown for that day. The solid ewvc lor 1V72 June, labeled a. is u 
sketch > .ily and has no theoretical basis. The solid line lor 1^72 August, labeled b. represents a single lunnt souice. l or c, d. c. and 
r. 1972 November and 1973 l ebruary. March, and May, respectively, the solid curses represent a time-variable tvso-point-souree 
model e d the dashed lines a ring-source model. The airosv marks interferonieter hour angle equal to ero. 



Fici. 14.— As in the inset of fig. I, hut for 3C 120. I he solid lines represent the principal maximum and Hi - first minimum, on 
the Iw lates indicated, for the time-variable tvv i.poinl-souree model. I he dashed eirculat arcs Ui lesciil the hist minimum, on the 
same tv. a dales, for the ring-source model. 
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3C 120 - 1972 



Via. 15 


3C 120 - 1973 



Hlo. Id 


l ios. 15 anj U>. — C'orrclalcJ lliix as a fiinclion of ii ami c for 5C 120, ohscrscil ssilh ihc ll-Ci inlcrfciomclcr in 1972 and 1971, 
rcs|x liu-ly. I hc ii - r IracK cxlcnd-. Irom llic lirst lo the last poim. C ursex a. b. i . d. c. and f arc sketches Ihiuugh the data points 
and I'c no theoretical basis. The ii and i axes base units of frinnes per aicxecoi’d. I . svnibols arc the same a» in fir n 
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data .iss issed in the test. T he arrow marks inlerlerometer hour angle equal to aero. 
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I k.. ;j.— T he u ~ I iraik* for iC .145 from riw ,o «cl for the 11-0 ami ll-O buH-line^. Tkk mark.* ate im the (OSTi Imiir. 
The line' if maxim.i anJ minima, Ijhekd \l ami m. respectively. ctvrrcsiHmd to the Iwo-poml-Miuice model dewrihed in 19 
and ;o 1 C boxes enclose those rCKions of the ii — i- » urves where the data permit maxima and minin^a to I lo..atcd I lie w and 
(' axes n c units of iringcs per arcsccond. 
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3C 345 


COKRELATED 

FLUX 



Ki'i ■’2.- Correlated flu\ a« a function of u and r for JC .'45 observed with the ll-Ci and M-O intcrfcromrieis The « — r tracks 
exiend Irom the first to the last data point on each baseline. The liKationsuf the inaxinia and minima coriesptind to the tssu-point* 
source model described in ll|;s. I'r and 20, but the ciiiscs throui;h the data arc skctclics anil have no tlicorcUcal basis. I Ik- symbols 
arc ilte same as used in fig. The m and i- axes have units of liingcs pci arcsecond. 
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fit.. Z8. — llic II — 1 lr.it'k< ol ?C 84 from ri>c to set for the ll-G, Ml . H-O. ami G-O baselines lick mniks aie on the i(iST) 
hour. Ltnes of masima ami minima, labeled M and m. tc'i’celivcl.s, and numbered b> order, eoi respond to the two most widely 
separated poinis in the linear model (sec tevll with a position an(tle of -7 and a point separation of » 1'* Ih'ses and eirtles 
ciisi' sc regions of the « - r track in which the data permit masima and minima, lespecliuly. I he da bed ni I'.c IM itaek 

indicates that the minimum in the data did not appear to fall at the cspcclcd position, llie u and i ascs liase units oi fiiiiges per 
aresect d. 
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Fig. 31.— As in fit!. I, but for the QSO 3C 454.3 
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Flci. 32.— As in the inset of fig. 1, but for 3C 454.3. The solid-lines of maxima and minima, labeled .V/ and m, rcspectiscly, and 
numbered by order, correspond to a two-point-source model with a position angle of 53'’ and a point separation of 3T5 x 10"’; 
the d.ished lines correspond to a two-point-source model with a position angle of about 3° and a point separation of 5' * in-’ 
Boxes enclose regions of the u — v track where the data permit maxima and minima. 


TABLE 5 

CORREI.ATIO Fi.UXES (ROM SlIORT SERIFS OF OOSIRVATIOSS 





Kuimaliiied 

Coirclated 

U L 

Source 

Date 

GST 

Amplitude 

FIu-x (fu) 

Ba.sclinc (fringes per arcsccond) 


D.tta for Sources Not Shown in Figures 


1055-f-Ol... 

1972 May 9, 10 

I7"33"'.Sh* 

0.433 + 0.044 

1.62 ± 0.23 

H-G 

-478.2 

- 81.7 



17 36 56 

0.448 + 0.045 

1.68 + 0.23 


-476.8 

- 8! 9 



18 34 06 

0.218 + 0.02S 

0.82 + 0.13 


-435 8 




19 .34 16 

0.481 ± 0.050 

1.80 ± 0.25 


— 363.1) 

*■ . 1 



20 32 26 

0.050 + 0.019 

0.19 + 0.07 


-269.3 

90 8 

1116+12.... 

. 1972 May 9, 10 

16 14 43 

0.114 + 0.046 

0.17 + 0.07 

H G 

-476.3 

~ •■2 b 



18 15 03 

0.362 * 0.098 

0.54 1 0.16 


-467 1 

-108 4 

1127-14.... 

1972 May 9, 10 

15 40 38 

0.167 3 0.017 

0.95 + 0.13 

II-G 

-445.5 

-127.1 



16 41 48 

0.135 ± 0.015 

0.77 + 0.11 


•-482.8 

- 95.5 



16 45 49 

0.150 + 0.015 

0.86 + 0.12 


-484.0 

- 93.3 



17 41 58 

0.142 ± 0.015 

0.81 + 0.1 1 


-486.1 

- 63.1 



18 42 08 

0.218 ± 0.017 

1.24 + 0.15 


-456.1 

- 31.6 



19 42 17 

0..392 + 0.028 

2.23 ± 0.26 


- 394.8 

- 3.1 

1148-00... 

1972 May 9, 10 

17 18 54 

0.099 + 0.048 

0.14 + 0.07 

H-G 

-487.0 

- 78.9 



19 15 13 

0.238 + 0.080 

0.33 ±0.12 


-445.8 

- 77.S 

OR 103 

. 1972 July 3. 4 

00 15 22 

0.661 ± 0.164 

1.52 + 0.43 

H-G 

-308.9 

-147.0 



00 35 25 

0.673 + 0.167 

1.55 ± 0.43 


-274.6 

-151 ’ 



00 55 29 

0.636 + 0.168 

1.46 + 0.43 


-238.2 

- 155.9 



01 15 32 

0.674 0.178 

1.55 + 0.46 


-200.0 

-1594 



01 30 35 

0.623 ±0.164 

1.43 ± 0.42 


-170.3 

-161. . 

CTD 93 

1972 July 3, 4 

02 35 45 

0.197 + 0.096 

0.26 +0.13 

H-G 

-170.0 

-276.6 



02 40 46 

0.134 + 0.064 

0 17 + 0 09 


- 159.9 

-278 2 

OV ORO 

1972 July 3, 4 

02 55 48 

0.347 + 0.185 

0.38 + 0.21 

H-G 

-4f41.8 

- 100.7 



03 00 49 

0.425 + 0.226 

0.47 + 0.26 


-457.1 

-102 1 

0X161 ... 

. 1972 July 3, 4 

03 15 52 

0.333 + 0.144 

0.40 +0.18 

H-G 

-488.2 

- 70.5 



03 20 53 

0.398 ± 0.171 

0.48 + 0.22 


-488.6 

- 73.2 


Additional Data for Sources Shown in Figures 


.3C 84 

1972 May 9, 10 

06 25 07 

0 030 + 0 004 

1.54 + 0.23 

G-F 

+ 283.7 

- '89 0 



07 10 14 

0.019 ± U.00.3 

0.99 ± 0 19 


+ 221.8 

*22.0 



10 10 44 

0.016 ± 0 (XW 

0.80 ±0.19 


- 83.4 

•f 41)0.0 



12 26 06 

0.045 ± 0.005 

2.28 ± 0.33 


-289.9 

+ .384 9 



13 56 21 

0.054 + 0.005 

2.75 ± 0.36 


-.376.1 

4 '97 0 


1972 May 29, 30 

13 .19 56 

0.014 ± 0.003 

0.68 + 0.15 

G-F 

-3M.4 

4 Uh.O 

OJ 287 


13 49 57 

0 012 ± 0 (X)3 

0.61 + 0.15 


-371,8 

+ 30.3, 9 

1973 May 17, 18 

14 .37 59 

0.893 ± 0.1 10 

6..34 ± 0.86 

H-O 

+ 281.8 

■i .346.1 



14 37 59 

0.754 ± 0.069 

5.35 ± 0.59 

G-O 

4 370.5 

+ 416.7 

3C 274 , . . . 


14 48 00 

0.708 + 0 069 

5.03 ± 0.59 


+ 742,2 

+ 428.1 

1973 May 17, 18 

17 45 29 

0.014 ± 0.005 

0.67 + 0.24 

ll-O 

+ 3.S9.4 

+ 260.4 



17 55 31 

0.022 ± O.tXM 

1.0.3 ± 0.21 


+ 332.8 

+ 263.6 



17 45 29 

0.01 1 + 0.002 

0.53 ±0.11 

G-0 

4 843. 1 

+ 121." 



17 55 31 

0.010 ± 0.002 

0.49 ±0.10 


+ 819.2 

t ■29.F 
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M 

D. a from a gi\cn observation day arc plotted with 
the Same symbol in all figures; in each figure the 
syni' I for each day is listed beneath the corre- 
spo;. ,:iiig normalized amplitude axis, and all the sym- 
bols are listed in table I. Observations spaced only a 
few lys apart are plotted with the same symbol, even 
thouuh there is a separate normalized-amplitude axis 
* ontl right side of the figure for each observation day. 
Note that 1.0 on the normalized-amplitude axis 
corresponds to the total llux on the corrclated-flux 
axis. 

IV. DISCUSSION 01 RtSL'LTS 

1 this paper we discuss only the milliarcseconJ 
structure of the sources ;is our measurements have 
little ..ensitivity to any larger scale components. The 
sou. " are divided into groups according to the 
minimum number of point components apparently 
requned for a model to yield results comp.itiMe with 
all the data herein presented. More • "nnlex models, 
including extended components, are always possible 
lo construct, but our arrangement is designed to point 
out a minimum possible level of complexity. Within 
each group, sources are listed in order of increasing 
right ascension; the type of object is given in p.iien 
theses after the radio name, as is the redshift when 
available. Table 6 gives the right ascendon and 
declination of each of the sources observed for con- 
venience. 

For the sources listed in table 5, but not shown in 
figures, there arc insuHicicnt data to classify them by 
number of components. However, it should be noted 
that 1055-t-Ol, I116f 12, 1127-14, and II4S-00 
seem to show variations in the correlated flux with 
baseline projection, whereas OR 103 does not. 

a) Sources with a Afiiihmiiii of One 
Point Component 

Sc irces considered to contain a single, point coni- 
pi a It have correlated fluxes independent of projected 
baseline (i.e., “flat." horizontal curves). This group 
inch IcsNRAO 140 (QSO, r = 1.25S). ficurc 1; CTA 
2t. ((,iSO. z = 0.852), figure 2; OJ 287 (HSOi. figure .t; 
OK 290 (BSO), figure 4; 3C 274 (elliptical galaxy, z - 
O.OU I, figure 5; OQ 208 (Seyfert galaxy, c = 0.077), 
figuic 6; NRAO 512 (unidentified), figure 7; JC 418 
(no '.ptical object identified), figure 8; and CTA 102 
(O' , c = 1.0.47), figure 9. For most of thc'^e sources, 
our "leasuremcnts lack the sensitivity to determine 
wliti ler or not the curves of correlated flux have 
sinniiicant structure. For OJ 287. however, we can 
conclude that its correlaied-flux curve is flat within 
abi t 10 percent, about twice the uncertainty of each 
dai.i point. For NRAO 140, the deviations from hori- 
zoni ,1 may be significant. The measurements of cor- 
rel; .-d flux presented by Cohen et al. ( 1971 ) agree well 
with our corresponding measurements obtained at 
aboi i 9;15 and 13:30 GST. thus tending to confirm 
the significance of the dilTcrence in the values of 
con latcd (luxes we obtained for these times, f or OQ 
208. the slightly negative slofie of the correlated flux 
111 li lire 6 may also be significant. It should also be 
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SocKt I P< >sn loss 1 1 >»>n m 


Source 

Ri(;hl Aseeiisi.iii 

leclinali.iii 

.1C 84 

lMfi"'29-s 

+ 41 19-52' 

NRAO 140 

3 3.1 22.4 

1 .’2 08 37 

CTA 2(1 

3 .Ifi 59.2 

-01 56 19 

NRAO I.SO 

3 55 47.4 

+ .SO 49 38 

.1C 120 

4 10 lUi 

+ 05 14 59 

0.1 287 

8 51 57.2 

+ 20 17 59 

4C 39.25 

9 23 55. .1 

+ .19 1 5 24 

OK 29(1 

9 53 59.4 

+ 25 29 40 

1055 + 01 

10 55 55.1 

+ 01 50 0.1 

Ill6-rl2 

11 Ifi ?n s 

+ 12 51 07 

1127-14 

11 27 35 ' 

- 1 4 32 55 

1148-00 

It 48 10.2 

-00 07 13 

,ir 274 

12 2« 18.0 

+ 12 39 43 

OO 208 

14 04 45.0 

s- 28 4 1 29 

OR 10.1 

15 01 ,S2 5 

+ 10 41 19 

C 1 O 9.1 

16 117 0.S.9 

+ 26 49 1 3 

NR AO 512 

16 18 48 1 

+ 19 ss 31 

3C 345 

16 41 17.6 

+ 39 54 1 1 

o\ 

19 A'' 19,2 

+ 07 59 16 

3C41S 

20 37 07.4 

+ 51 08.16 

DR 21 

20 17 14.3 

t 42 08 56 

I'kS 2114 00 

21 U 05 2 

+ 00 28 25 

OX ihl 

21 16 36.0 

+ 14 10 00 

VRO47.2'’01 . . 

7.2 (XI 39 4 

+ 42 02 0.8 

CtA 102 

22 .10 07.8 

+ 11 28 23 

.ir 454.3 

22 51 29.5 

+ 15 52 54 


noted that the total flux of 0<3 208 changed signifi- 
cantly heivvecn late 1972 and early 1973. 

For each of the sources considered in tins section the 
point component does not emit i in all of tlie flux since 
the normali/cd amplitudes ate all less li .in unity. In 
addition, some of the source, sh •' variatiility 
ill their N.A.’s. For UJ 287, for example, the normal- 
ized amplitude ranges between <1.75 arJ <<.‘'5; the flux 
in the point component is tiiiv-vari..ole as well, as 
indicated in figure 3 by the change in the correlated flux 
from one date to another. For NR.AO 512 (see fig. 7) 
the significant change in cotc levl Ibix tween the 
two observing days may be due to a de.reasc in the 
flux from the point conipvmeni. since the normalized 
amplitude remained ahoul con'iant. fi.' possibility 
that the change in correlated liux may be due to a 
systematic difl'ereiice in the calibra'ioii I >r these two 
days may be discounted since C .'45. ot- .rved con- 
currently, showed the same correlated flu' on the two 
days: it is unlikely that any . • -t na..i cifs that made 
NRAO 512 appear to change would have nad exactly 
the right sign and nnignilin! lo make 3< 345 appear 
not to change. 

Finally, we note tliai fm .3C 274 al 1 : 95 percent 

of the flux is resolved on all baselines ■t-cJ in our 
experiments, with the leniaiiiing .' pcrcc .i ( ■<. 2.5 fu) 
being conlaincd in a small unresolved component (fig. 
5 and table 5). As with the weak >our. s discussed 
above, our iiuMsuremcnts lack the sciisilr iiy to deter- 
mine conclusively whether vir nol this sma'I coinpoiient 
is partially resolvevi with our ir i'' im. ts H. con- 
trast, Cohen <7 d/. ( 1971 ) ami Kciierniaiin » n/. ( I97.3<i) 
interpret their data as show ing this compact comiHineiit 
to be Just resolved with the ll-G im.vler i"'er. 


j. j. w nTLLS rr al. 
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/)) Sources with a Minimum of Two 
Point Components 

SoiiK’.s in tliiii category arc those for which a two- 
point model was the simplest one consistent with the 
measured correlated lliises. In the following discussion 
errors are quoted only for those model parameters 
qidcul, ic i by a least -squares fitting procedure, and not 
for tho'e determined by graphical means. 

i) \RAO ISO (no optical object idcntibcil) 

We have very few data for NR AO 150 (see figs. 10 
and 1 1 ), and the obsersation days are widely spaced. 
Union unately sve cannot test the significance of the 
change in level of the corrclated-llu.x data by compari- 
son w ith another source since the only source observed 
simultaneously on both observation days, 3C 120, is 
ilselfliiclily variable. The large error bars and the large 
gaps in the u-i plane cov crage for N R AO 1 50, especially 
for the H O baseline, make the determination of the 
locations of the ma.xima and minima for each day's 
data uncertain. Nevertheless, the curves indicate that a 
time-imlei)cndent two-component model may provide 
a reasonable description and allow an estimate of a 
maximum size for tite source to be made. We do this 
by ignoring the differences in correlated-flux level 
between 1972 July and May, combiningall of the data, 
and ;issuming a pair of minima occur as close to the 
maxima as the data w ill allow (sec lig. 1 1 ). This assump- 
tion corresponds to minimizing the spacing in the u-r 
plane between the principal maximum and the first 
minimum, corresponding to the largest possible source 
spacing. Then from a graphical solution (see fig. 12) 
we fmd that the line joining the (assun. cd) two coin- 
ponents has a position angle of about 65 and that the 
components can have a maxhnum separation of about 
OTS X 1(1 \ This graphical solution does not yield a 
useful result for the relative strengths of the com- 
ponent dnee the minimum value of the correlated 
flux is cry uncertain. 

ii) jr 120 (Scvlerl galaxy . r = O.O.tt) 

The I >72 data for 3C 120 have been discussed 
previously by Shapiro et ul. (1973) and Kellermann 
ct al. I 9736): these data were consistent with a model 
with either two separating compiments, one or two 


stationary but time-variable components, or a single 
spheiically or circul.nl> synimetiic expanding com- 
ponent. The 1973 data from I'ebtuary. March, and 
May are consistent with the first possibility, but may 
not be consistent with the other two (see figs. 13. 14, 
15, and 16). We will now outline the analysis which 
leads to this conclusion. 

All of the correlated-llux data for 3C 120 obtained 
between 1972 November and 1973 May can be fitted 
well with a tvvo-point component mo»del characterized 
by four variable parameters; separation of the point 
components, the position angle of the line connecting 
the two point components, the total correlated lUix 
(,V, -I- Sj. and the fractional dilVerence in strengths, 
(A’l — 5.) (i't + Aj), where ,V, and S-, are the contri- 
butions to the correlated Ilux from the individual point 
components. Solv mg fi'r all four parameters fi om each 
set of data separately, using the weighted least-squares, 
or maximum-likelihood, estimator, we find that the 
1973 March data yield the smallest uncert.iinty in 
position angle (10 percent). We Ihcicfore lived liic 
position angle at 65 , as given by the March data, and 
re-solved for the three remaining parameters from 
each set of data separately. The results, with the ac- 
companying standard errors, aie given in table 7 and 
the corresponding curves for the model arc plotted as 
soliil lines c. d, c. and f in figure 13. The point separ.i- 
tion given by this model remains at about 0i99 x It) ® 
between 1972 November and 1973 I ebruary and there- 
after increases nearly linearly to 172 x 10'“ by 1973 
May. This rate corresponds to an apparent velocity i>f 
diameter expansion of 1.5-2 c by 1973 May, if we 
take : = 0.033, // = 75 km s'* Mpe"', and i/u = 1 

it the .separatum ana relative oiicntation of the 
point components in this model arc held lixeil at 
the 1972 November values (table 7), buttheflu.xesof the 
components arc allowed to vary, we fmd that to match 
the remaining data the Ilux from one component must 
increase and theothcrdcciease until by 1973 March the 
two arc almost equal. As could be inferied from the 
results for the three-parameter models above, this 
stationary-point moilel does not agree well with the 
1973 May data because between March and May the 
minima in the corrclated-flux curves move tovvaal 
the origin in the u-r plane. To circumvent this problem 
one could postulate that an additional outburst began 


TAUI.E 7 

.1C 170 Mooi l I’AKAvirri rs 




1 wo- Point Moihl 
(P osition Angle = 65 ) 


Kim. 

Mom 1 

D'Ti oi 

(5, r 


Separation 

.SI 

Diameter 

Obsi wions 

(fu) 

(V, - 5j),(5, f 5j) 

(units O.'OOl ) 

(ll.l 

(units 0 1)01) 

1977 November . . . 

11.97 * O fiS} 

0.594 + 0.074 

0.9S8 + 0.010 

lo nr. 4 0.19 

0.710 4 0 074 

I97.t 1 ury.... 

10.47 - 0.19 

0.176 O.tKIS 

l.tHM 1 O.tHII 

9 0 19 

1.1 (.6 i 0.014 

197.1 i\ijr,.T 

10.77 i 0.14 

0.017 -r- O.IKW 

1.1 17 ± 0.(KI7 

10..S7 ■ 0.19 

1 64S 4 0.007 

1971 Ma> 

7.7S + 0.43 

0.7.19 ± 0 017 

1.7.10 r 0.(X)7 

11.71 + 0.65 

1.97(1 ± 0.010 


* S, .nnd Sj aic the eorrelaloil tliivcs fot the inJiviJtial components, 
t .5 1 e correlated flux of ilie ring. 

♦ 1 1 .il standard error for the weighted rms of the pustlit residuals = I. 
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bciNN cn 1973 March and May. Ho\ve\crthc presence 
of this outburst should have become apparenl in Ihc 
total flux of the source within a few months; our tolal- 
flux measurements for 1973 August (12.1 + 0.6 fu) 
and (October (11.0 ± 0.6) indicate that if there were 
such an outburst, it would have had to ha\c been just 
lar; enough to cause the correlated flux to change, 
but i.ot large enough to afl'ect the total flux signifi- 
cantK. We have not yet tried to determine, howgxer, 
whe \cr an additional outburst, under this restriction, 
can adequately model the 1973 May data. 

\\ also compared the data with a uniform expand- 
ing-ring model; the estimates for the two parameters, 
source size and strength, from each separate set of data 
arc given in table 7, with the corresponding curses for 
this model being plotted in figure 13 as the dashed lines 
c, d. e, and f (see also lig 14). The exix-riments con- 
duct. J Ix-twecn 1972 .August and 1973 March each 
show good agreement between data and model, but 
for 1973 May the model is m poor agreement with the 
data. Thus, on balance, the ring model does not repre- 
sent the data nearly as well as the three-parameter 
model discussed abo\c. Part of the dilficnity is caused 
by the 1973 May data ha\ ing smooth, nonzero minima 
in contrast to the null present in March. Hy increasing 
the complc.xity of the uniform ring, or disk, model 
and postulating non-uniform distributions, this difli- 
culty can be alleviated. Greater complexity must be 
incorporated into this model for it to be consistent is 
well with the increases and decreases observed m the 
total flux of the source. Phase-closure data from 1973 
Mat. to be published separately, also indicate that 
a uniform circulardistribution of radiation istoosimple 
a model to describe 3C 120 adequately. l iiial!>, wc 
note that the implied expansion \elocitics for (he ring 
iiuhIcI (sec table 7) are quite ditTercnl from those for 
the *'..o-point model, and that the estimated correlated 
flux ^ es|sccially dilferent for 1973 .May. 

iii) •/(■ jv.:s (gso, r = o.riW) 

Although the total flux of 4C 39.25 and the level of 
the K.irrelated flux have both undergone large frac- 
tional changes, the shape of the correlated-llux curse 
did not change substantially with time (sec (ig. 17). .A 
twv- oint-souicc moilel with a position angle of about 
lOf) nd a point separation of about 2'3 y lO"'' (see 
lig. I ) is consistent with the main features of the eor- 
rel. l-lliix curse, fhe maji>r tliscrepancy is that in 
the I ‘<72 .lune and July d.ita there does not appear to be 
a Ilf' ad maximum between 1 3 17 hours (iSf. as 
requi ed by this model. As with NR.\0 l.50wecannot 
determine a uscfnl \ahie for the relative source strength 
with the simple graphical technique employed here. 

IV) JC (QSO, r = 0 5<t5) 

Si e the total flux of 3(' 345 varied substantially 
duriii^ these observations, three groups of ll-G data 
w ith le tot.il flux nearly constant in each group — 1972 
.M.C. ' 10. 1972 June 27 2S and July 3 4. and pr.f 
l ebiiiary 4 5 and .March 31 were each modeled 
sepal 4ely by <i two-point-component model ot the 
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same form as that dcscriK-d in the discussion of 3C 
120. In the three cases, the two points were found to 
have a separation of (K05 ± 0705) x 10 ^ and a 
position angle of 1(X) + I® digs. 19, 20, 21, and 22). 
Figure 19 shows the curves for this model obtained 
from each of these groups of data. 

The only signilicant dilference among the three sets 
of parameters was in the total correlated flux for the 
two components, which was (.9; 4 Sj) - 7.4 + 0.1, 
7.0 + t). 1, and 9.3 ± 0.3 fu, respectively, for the three 
groups of data, reflecting the changes m total flux for 
the souice. The fractional dilference in strengths of the 
points remained at about (J>\ - SJ (Sj 4- S-) = 
0.72 + 0.02; one might not expect indc|x*ndent com- 
ponents to change in a coordinated manner, but 
mechanisms consistent with such an observation are 
easy to fabricate. 

It should be noted that when Cohen el al. (1971) 
observed 3C 345 with the H-G interferometer in 1971 
February, the d.ila also exhibited the same miiiiiiium 
and maximum but the entire correlated flux curve was 
about 3 fu higherthan in 1972 and 1 973. This dilference 
cannot be explained by an overall scaling dilference 
because the ratios of maximum to minimun; correlated 
flux were not the same for the two sets ol data. 

In 1973 May, .3C 345 was also observed with the 
1 1-0 interferometer (figs. 20 and 22). I he minima and 
maxima of the correlated-flux curve conlirm the 
separation and position angle deduced from the H-G 
data. However, the overall level of the correlated flux 
curve for the model based on the 1973 ll-G data, and 
shown as a dashed line in figure 20. is too high, especi- 
ally since the total flux rose slightly between March and 
May. The fact that the model curve agrees better at low 
than high correlated flux indicates that the discrepancy 
may be at least partially due to an overall scale error, 
such as could result if the eflkiency of the Onsala 
antenna had been lower than assumed, since all souice 
temperatures were calculated for Onsala using this 
eflicienev. This possibility could not be tested since 
there were no other sources observed simultaneously 
on both baselines for which useful comparisons could 
easily be made. 

v) rhs 2n^ 1 00 (cyso. r = i .9.vm 

The total flux of this source remained essentially 
constant .it about 12 fu between 1972 April and 1973 
March i Dent I972<;). fhe correlated (lux, however, 
appeals lo have imdcrgonc minor changes, jus'. I.irger 
than the meas.n>. .icnt uncertainty. For example, as 
seen in figure 23. at the maximum resolution ol the 
interferometer (03; 25 GST), the correlated flux seems 
to oscillate with time between about 6 and 7 fu. Further, 
the location of the minimum at about 7 hours GS'I 
may have moved slightl;. !.. in one observation d.iy to 
the next, but the spacing between data points on any 
given d.iy is too large to delme acciira.cly the I'.cation 
of Ihe minimum 

Tlic 1971 data ofCohen el u/. ( 1971 ) show the same 
gcn.ral trends as the oala presented here; however, 
the overall level of the former set is higher by about a 
factor of 1.5. Sm'cc the ratio of Ihe maximum lo 
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mininniin measured correlated flux is about 1,4 for 
(heir data and 1.5 for our early 1972 data, the iiiglicr 
level of the Cohen vt al. correlated (luxes may well be 
diu .nainly to a scale dilfercuee of about a factor of 
1.5 in normalization. 

We have not attempted detailed model fitting with 
PXS 21.14 + 00 because the sensitivities of the mcasure- 
* me"' to position angle and separation for a Iwo-point- 
cou ponent model arc very poor due to the near 
constancy of the r component of the u-v track for any 
sii baseline. Data taken by us in 1973 August and 
October on six independent baselines simultaneously, 
which arc still being analyzed, should reduce this 
“declination" problem and help to determine whether 
there arc small variations with time of the correlated 
flu.\ for this source. 

f) Sources with a Minimum of Three 
Point Components 

Attempts to develop useful models with more than 
two points arc hampered bv the lapid increase in the 
number of free parameters. Therefore, sources that aie 
more complex than two components cannot yet be 
modeled adequately, unless (heir structure is linear. 
Such linearity may be present in (he cases of sonic of 
the sources discussed below. 

i) JC H4 (Sc> fert galaxy, z = O.OI 7) 

The correlated (lux of 3C 84 varies faster with 
changing baseline orientation than that of any other 
source yet observed. It is also clear from figure 24 
that the correlated Ilux of this source is time variable. 
This conclusion is supported by the 1971 February 
data of Cohen ct iil. (1971), which show the maximum 
at I ’ hours UST higher than the ma.ximum at 09 hours 
G.S 1 ; locations of maxima and minima arc compatible 
wir- figure 24. 

ii IS evident from ligure 24 that no tvvo-pt'ini model 
can be consistent with this rapidly varying curve. If 
one sketches the locutions of the maxima and minima 
for all four baselines (see tigs. 24- 27) on the u-v tracks 
(sec lig. 28). it is possible to draw a set of lines corre- 
sponding to the two most V. idely spared components 
of the source, which fall at a position angle between 
— (■ .nd -8° and are separated by about 5" x 10"^. 
[Note that only the minimum near 16 hours GST (see 
lig. 2 4 of the H-F baseline, coming from by far the 
most unreliable d.ita and based on only a few points, 
does not seem to fall close to the “proper” positiim.j 

I’hasc-closure uata from the ll-G-O three-site intcr- 
fcro'iietcr (Ro;’ ’;s et al. 1974) for 1973 May arc con- 
sists, t with a linear model for the source that contains 
at l''*xt ihree r, mponents oricnteil at a position mele 
beiwcen —8 and — lU with the widest spacing 
be' .'ll components being just under 5"0 x 10'“. 
Lci t al. (1973) interpreted their interferometry data 
as suggestin'* a model consisiing of four aligned com- 
ponents will', a position angle of about -6 and a 
ma mm sjp.,ration between coiiiponenls of aboui 


6!5 X I0'“, which is greater than we obtained either 
by grai'tiiuil mcinous t.wc lig. 2oi oi bj un e i yma .- 
closure data ( Rogers et al. 1974) \N e did nol. however, 
make a detailed comparison between this model and 
our data. 

ii) t ’HO 4'.22.0I (BL I accrtac center of a giani rilipiieui 
galaxy, r ■ 0.1)7, OXc and (iiinn 1974) 

The emissions from this source have been obscived 
at a variety of frequencies (Epsiein et al. 19"2' 
lluctualioiis at each have been observed at a variety ol 
tune scales. As can be seen from figures 29 and 30. t i, 
small-scale radio structure exhibited at 7.8 GHz 
changes considerably over a period of about 2 months, 
the tunc between days of observation. 

The data of Cohen et al. (1971) show the .'ame 
general trends as our data from late May and early 
June of 1972. In particular, the ratio of the maximum 
flux to that at about 4 hours bef e ih ■ niaxinium is 
about the same for both sets o( data, whereas the level 
of the Cohen et al. data is higher by a factor of about 
1.5 than that of our data from early 1972. This ratio 
is virtually identical to the corresponding r«.. c *'J 
for I’K.S 2134+tX) thus lending support to il.e j os- 
sibility of a normalization dilfcrencc ivctweeii the data 
sets. 

Cla.'k el al. (1973) suggest that, although \ RO 
42.22.01 is highly vai table, it maintains an el* ngation 
; • 1 position angle of ISO", and Andrew (1973) has 
attempted to explain their data in terms of a double- 
outburst model. The u-v plane coverage of our 
measurenients docs not permit us either to conlirm or 
contradict this position angle' I iowever. data taken l*y 
us in late 1973 on .six independent baselines should pro- 
vide a better lest for both theelongationand iheiiiodel. 

iii) .?r 454.J (USO. - O.S.S*)) 

Although the characteristic shape of the c>'rrel..'e l- 
flux versus GST curve for 3C 454.3 (i.e., peaks ai ii'.e 
ends and a valley in the middle) has been pre e :t 
liiroughout these observations, there arc secondary 
features of the curve, which are also time-variable, that 
may indicate the presence of at least one more com- 
poncni .Such features are responsible lor our pi. icing 
the source in this category. W'c may obtain .some 
inforination about the two main components of the 
source by studying the gross features of the correlated 
Ihix curve. 

If we assume (hat the two peaks of (iguic 31 both 
lie on the fust subsidiary maximum (the solid line M I 
in lig. 32). then the solid line.', of maxima .in. minim.i 
in (his ligure would correspond to two point com- 
ponents oriented at a position angle of about 53 and 

seoarnted hy aboiit 3"5 x |0‘ V A Ic:' ; , a 

based on the two-component model described in the 
discussion of 3C 120— to the 1973 I ebru.uy d.u... 
which shows both peaks, gives a position angle of 
52+2 and .n point scpaiation of (3.58 
lO"''*. It is also possible that the first peak may he on 
the principal ma.ximum with the 'ccond peak lying t 
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the firsi Mibsidi;iry maximum. Tliis po»sibility corre- 
sponds to two point components separated by about 
5' X 10 and oriented at an aiiijle of about 3 as 
shown ’’y the dashed lines in figure 32. l or both 
model ■. the fractional difTercncc in strengths of the 
components, (i’l — SJ {S\ + .9o), can be estimated 
grapl'itallv. This ratio was about ti.77 in 1972 April, 
rose .If ■ otween 0.85 and 0.90 by 1972 May, and de- 
creased back dinvn again to about 0."^ by 1973 M.irch. 

1 he See nd model is much less likely to be valid tiian 
the first, since the angles of intersection between the 
lines •'* extrema and the i/-r track require that the 
maxii. . be very broad and the minimum n.ni w I'Ce 
fig. 32|. riicdata in figure 31 show the opposite trend 
and thus agree better with the first nmdel. 

I he 1971 data of Cohen ct al. (1971) show trends 
very different from our 1972 data but reasonablv 
similar to those lor our data from early 19^3, thus 
indicat ’O that .tC 454.3 has undergone large variations 
in correlated Ilux during these 2 years. 

The above discussion rcprr-.'nts only a minimal 
attempt to fabricate models consistent with the data. 
Many interesting questions such as “Arc sources with 
more than two components linear?” “Do sources 
c.xhihit symmetry of any kind ?" “ Docs this symmetry 
chance with time?" “ Does the tendency of sources to 
have milliaicsccond structure, independent of rcdsliift. 
signify more than a baseline-resolution effect ?” have 
yet to he explored; new techniques for analyzing the 
data are required to obtain meaningful answers for 
some. Comparison of the ii-r plane coverage of the 
existing data with that possible on the baselines used 
# suggests that future experiments should be carefully 
scheduled to fill in gaps. Use ol nun . man one baseline 
simultaneously is necessary to remove ambiguities in 
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nu'dcis for sources at low declination and to allow use 
of the phase-closure technique. C learly, much -cmains 
to be done with VI. HI in the exploration ot the line 
structure of cxtragalactic radio sources. 
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A very-long-baselinf interferometer system (or geodetic applications 
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Masxaehuiitti 021 

(Received Septcmbci I(i. 1V75 ) 


A very-long-baseline inierferomrtcr <.y«lem wnv desipncti amt hiijit for peoriclic applicalii'nv. 
F.ach inlctferomeler lerminal recoidv a spectral Kind of noise from a cimipucl cstragulaclu. 

radio source. The center frequency of iIk‘ spectral huni> can be M'Iccled U> sample sequentially 
Kinds covering a much wider frequerKy range to nbtuir ■ iiKnaiio» econd acctini.-y in group-delay 
measurrmems. A tunncl-diodr pulse generator is used to calibiate the delays in th-- icceivei. IIh- 
necessary sets of algorithms hihI computer prognims base been developed in analyze me data 
and have allowed the system to lx* employed to make nceuiate delerniiiintions of vecliv Kiselines. 
radio-source positions, ptslar motion, aial univctsal time. 


1. INTRODLCTION 

In early 1967, three groups of radio astronomers, 
t VO in the United States ( Ban el at., I%7; Motaii 
el al., 1%7J and one in Canada [Broten el al.. 

1 >67], demonstrated that radio interferometric ob- 
s 'i vations of compact cxtragalaclic radio sources 
c tuld be made with widely separated antennas. 

I ili/ing an atomic cluck at each site to control 
the hetetodyning and recording of the signals. 
Initially, this technique of very-long-baseline inler- 
f'romelry fVLttl) was used to study only the 
‘ ruclure of radio sources. Our group undcrtiHsk 
a program of instrumentation iiriprovemcnt prim.iri- 
‘ to allow accurate measurement of group delays 
to make possible precise determinations of vector 
b isehnes [ //tiitcrcggcr ft al., 1972). radio-source 
p.ysitions f ef al.. 197.^], polar motion, uni- 
' .-rsal time, and earth tides [Shapini el al., 1974]. 

1 1 order iti me;isiire the group delays with an 
accuracy greatly exceeding the inverse of ttic re- 
corded bandw idth, a method of bandwidth sy i .hesis 
was developed | Kogm. 1970; Hinlereptier el al , 
r>72] in which the receiver passband is switched 

. VT Amrtir an C«ro|*h*«*k.al I tiMW 
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to sample signals over a w idc hand. More recently, 
the bandwidth-synthesis method has been adapted 
by a gioup at the Jet Propulsion l^boiatory [ Ilw- 
nias el al., 1974; Ong cl al.. 197.S]. 

In this paper we describe our gettdetic VLHI 
system in some detail. In section 2 we discuss the 
design fihilosophy that underlies the system and 
describe the rnajoi subunits of the equipment. 
.Section ^ contains a description of the special device 
designed to calibrate the delays suffered by the 
radiosignals in passing through the receiver system. 
Section 4 is devoted to a brief outline of the 
dependence of the primary "observables” on the 
geodetic quantities of interest, whereas section ^ 
is concerned with the extraction of estimates of 
these observables from the recorded signals, and 
section 6 with the eiiurs associated with these 
estimates. I inally. in section 7 wr prevent ‘omc 
typic.il results from observations made with this 
system and discuss the prospects for future im- 
provements. 

2 I)i;SCRiniON Of llir INTFRI I KOMI IIK 
I HtMIKAI 

The major goal r*f the geodetic VI. Rl swtem 
is the measurcmc.it of the difference in the tniie 

I 
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of arrival of radio signals al cadi pair of stations 
of af’ interferometric array. Unfortunately, in prac- 
tice, this difference in arrival times cannot he 
extracted from measurements of the fringe phase 
because of the ”2Ti-ambiguity" problem, as dis- 
cos* d in section 4. To circumvent this difficulty, 
w, ilesigned the VI. Bl system to measure the 
difference in the group delays of the signals as 
distinct from the difference in the phase delays 
w iich is ambiguously related to the fringe phase. 
The difference in group delays (hcreinaftci "group 
delay") is. by definition, the derivative of fringe 
phase with respect to frequency; this relation is. 
in principle, free from ambiguity problems. 
However, the accuracy with h ihc group delay 
can be ext I icted fiom the measurements is directly 
proportional to the bandw idth of the recorded signal. 
The available recoiding equipment places a severe 
constraint on this bandwidth and thorefoie we 
developed a bandwidth-synthesis system in which 
the recei»er passband is switched, cyclically, over 
a set of up to sixteen different frequencies en- 
compassing a band up to several hundred times 
wider than that of the .^60-kHz recoidcd sigii.il 
( Ihis wider band is limited fundamentally by the 
bandwidth of the feed and front-end receiver ) 
Because the wider band is sampled so sparsely, 
the increased resolution in group-delay measure- 
ments is. in practice, accompanied by ambiguities. 
1 hese group-delay ambiguities can easily be re- 
solved as they are far more widely spaced than 
a'c the 2tt ambiguities in the corresponding phase- 
delay measurements. This technique of bandwitlih 


synthesis in frequency space for the determination 
of accurate group delays is closely analogous to 
the more familiar use of antenna an ays to synthe*i7.c 
licani patterns with high angular resolution [ Kogcri. 
19701 . 

The need lor accurate measurements of group 
delay to determine parameters of geodetic ii ti es; 
also imposes other requirements on a VI . Bl system, 
riius a very stable time and frequency stand ird 
IS required at each site as is a correspondingly staMc. 
or well calibrated, localniscillatoi systc.n. boi the 
former we has'e employerl primarily hydrogen- 
maser standards. 

The chrvice of a center frequency (lor iiie ob- 
servations) is dictated ‘.ugely by the desire to 
mimmi/.c ionosplici ic ctlccls. If two sets of me:: 
surenicnisai very widely scpaialcd center frequen- 
cies (say. a ratio of three to four between Ihvin) 
could be made simultaneously with equivalent ac- 
curacy. then these plasma influences could Ik: 
eliminated. How-ever, the coi.stnrction of sin.li 
dual-h:md equipment was not economically feasible 
and. instead, we chose a relatively high center 
frequency, near K GH/. for which the ionospheric 
ellects would be small and for which both the 
necessary instrumentation and the radio sources 
to observe woulil be available 

We now describe the particular instrumental ion 
developed for use in geodetic VI. Bl expciinienis. 
Each antenna site (Table I) participating in iich 
an experiment is equipped with a receiving terminal 
to amplify, format, and record the radio-source 
signals for later processing. The recei ng terr> iral 
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• i iguie I) consiNls of the basic units listed in Tabic 
. Items I throutth f> are located in the “front cikI” 

on the antenna whereas the remaining equip- 
ment is located at giound level. The frequciK'y 

• indard proside*. a .'-MU/ rcfciencc signal which 
omtiols the clock, the phase-calibration pulses, the 
V niple pulses, and the frequencies of the local- 
o'cillutor signals. The second and third kK'al- 

cillator Signals, generated with the aid of a fre* 
quency synthesizer tFigure I), are digitally con- 
illcd to select various pie-programmed rcceiscd- 
fuqiiency bands, or “channels," (It would also 
I VC been possible to switch the first local oscillator 
1 /ififrrfgger ef at.. 1972], but this option was 


avoided to simplify the instru'iicnlatn n No loss 
in spanned bandwidth was entailed, because the 
bandw idth of the intermediate-frequeiK') equipment 
was greater than that of th • reieis r.) 

ITie selection of chann s is ilurct. in a cyclic 
fashion syiKhroimusly at ah sfti.»T T' tu ills . five 
of the sixteen possible freqaenc) cl..init Is are used 
and sampled every second w ith each being sampled 
for 0.2 sec. For each freqiienc v in th s. qii. ncc. 
the second and third local-oscillat<u signals always 
return to the same phases that they -toiild have 
had if not interrupted, provided that norK of the 
fiequcncy dividers in the synthe izer IS ti tu ted. 
Thiscorulition is met on the ilewlett Ihio .iid MOOA 
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TARI.li 2. RukiL' co<npi>iK'M« «( VI. Bl lermiiiiil 
ComfK>ncrt ('pmment 


1. 1a'w-ih)i«c RF 
amplifier 

2. Mixer «n0 IF 
a 'ipli(ii-t\ 

3. Firxl local o'cilli'or 


4. Second and Ihird 
local mcillalurx 

.3. Phaxe calihralor 

6. IF-Iivvideo 
converter 

7. Hecorder 

H. FrcqueiK'v standard 


Parametric amplifier or maset, 
ilependtnR on site (we I'aHr I) 
X-Kjnd tonverskm to a Hnwilhmal 
IF (spanning approximalely 100 to 
IM) MH/I 

ft’ .sr livkod ossilialur with lock 
points from 7.3 lo 8.3 OH/ in 
20(VMH/ steps 

Derived from digitally-contrivlled 
Hewlett Packard .^l(X)A frequency 
synthesizer (see sectmii 2t 
See set lion ' fia detail 
Conversion fiom hriwitlund IF to 
video ( V4) kHz \ ideo Ivandw idlh) 
Ampex I M-lh with digital 
controller [Hull cl u/.. F*!?) 
Hvdrogeii maser (stability i- 1 iii 
10” ovei lo‘ seconds) 


'»ynthcsi7cr if frequencies ate swilclied only by 
multiples of 100 kHz The second local -oscillator 
signal is derived by multiplying the frequency of 
the synthesizer output signal by four in a broadband 
multiplier. 1 his multiplier consists of two quadra- 
ture-phased doublers whose outputs arc summed 
in a 1R0* hybrid: the hybrid output is then doubled 
inftequenc) . .Such a quadruplet produces veiy little 
harmonic oti’.put lower th;in the fourth ( "40 db 
siirprcssion) and gwd rejection of higher harmonics 
(>20 db suppression). The allowable frequcnc) 
range of the input signal to the quadrtiplcr is limited 
by the hybrid to a range from 10 to .^0 MHz. The 
Ihiid local-oscillator signal is derived directly fioni 
the synthesizer. 

A single coaxial cable carries the 5- MHz icference 
sign il fisr the local oscillator, the phase calibrator, 
and the control signals. I'his same cable is used 
to return the intermediate-frequency (IF) signal and 
the system-monitoring information to the ground 
level equipment. Ihe IF signal is converted lo a 
3ii< kHz bandwidth signal at video through two 
stages of image-rejection mixing. The final image- 
re ection mixer uses a wideband video hybrid 
1971] followed by a ,3f»0-kHz Iow-p;iss 

filter. 

After amplification, the video signal is clipped 
ni I sampled, quantized to one bit (sec section ^), 
aiiJ recorded on digital magnetic tape ITie data 
recording system is similar to that employed in the 
fii t VLHI experiments [flure et al.. |9(»7; Moran 
el (/., I%7], and uses a 7-lrack digital recorder 


running at 150 inches /sec with a density r»f K(X) 
characters /inch, yielding a data rate of 770 kilo- 
bils/scc. One track is used f.»r a parity bit, the 
epoch is recorded in the first 8 characters al Ihe 
beginning of each 2.3.000-characlcr record. .\ new 
record begins every t).2 sec and there is a gap of 
approximately msec between records. Hie tape 
recorder can lie started ul any preset lime by the 
digital controller (Table 2). The epoch for ihe first 
recorded dalu hit and for every data bit recorded 
thereafter is known unless there is a bud spot on 
the tape which may cause the data to go “out of 
synchronization." Since each record is individually 
lime-tagged, however, synchroni/alioii will be reac 
quired as soon as a lecognizablc time lag is encoun- 
tered. 


3 I’lFVSI DF.l a 3 ( \I.Um.AlIf)N 

The measurements of group delay are, of course, 
influenced by ,inv dispersive effects of the instru- 
menlaliori. Primarily to reduce siish effects, we 
incorporatcti a phase calibration sysicin into each 
VI HI terminal. I bus. ihc phase-delay variations 
in the receiver for each sampled frequency channel 
arc calibrated by injecting pulses into Ihe low ni'ise 
amplifier through a direclioqul couplst as shtiwn 
in Figure 2. J'hcse pulses are generated by a tunnel 
diode driven by the .‘»-MH/. signal from the fre- 
quency standaid. I he pulses from the tunnel diode 
arc gated so that vinly every fifth positive pulse 
is passed through Ihe coupler. The gating process 
serves to climin.ate negntivc pulses and to reduce 
the pulse repcliiion rate lo I pulse /psec. This pulse 
train produces one calih i. on spceltui line every 
MHz, which determines the ininiinum possible 
spacing for the calibrated frequency channels. I hc 
frequency of the total local-oscillator signal is cho 
sen to be 1 kHz lower than the ncaresi integral 
MHz so that the calibration signal emerges al I 
kHz in the video band The phase-calibration signal 
is present continuously and is extracted from each 
data record Ihnnigb muliiplieation of the signal by 
Ihe quadrature components of a I -kHz sine wave 
The calibration phase can Ik determned to within 
3 deg rms for each record even when Ihe power 
in the calibration sign.d is as low as 1*7 of the 
video power. The phase calibrator has a temperature 
coefficient of 5 pscc/"C and no known sensitivity 
to other cnvircnmenlal conditions. A system lo 
correct for the cable -dc u> changes in the calibraliir 
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Fig. 2. Block (liiignim of the phase-calihration syclem. 


iias recently lieen completed but not yet used in 
u VI. Bl experiment. 

4. Vl.Bt OBSf KV\BLE.S 

The interferometer can be lived to determine, 
as a function of time and frequency, the fringe 
phase and the f'^inge amplitude of the signals from 
compact extragalactic radio sources. For geodetic 
applications, the fringe phase is of primary interest: 
its derivative with respect to (angular) frequency 
yields the group delay. In the absence of noise, 
a )d after instrumental calibration, the fringe phase, 
ij) for observations w ith circularly polarized feeds, 
may be expressed as 

*(t.) = iAj(l - R,)t, + (£. - h\) L K,u, + E,) 

+ e„ + 2Tiq (1) 

here the Subr^.ipt.". x and j i.fc. to the rtfercr.^c 
a- d remote sites, respectively; f, and arc the 
t. nes as given on the reference and remote site 
c! )cks, respectively; t^ is the difference in the 
delays of a signal propagating in vacuum from the 
source to the two sites (hereimaftcr “geometric 
di lay"); is the angular frequency of the algebra- 
ic sum of the frequencies of the local-oscillator 
Signals; E, and E, are the epoch errors and 
and Ry the drift-rate errors of the reference and 
I '• note clocks, respectively; and are the 


corresponding position angles of the antenna feeds 
(positive sign for left-hand circular polarization — 
lEEF. definition): 4>p, and 4>p, are the propagation- 
medium phase shifts due to the atmosphere and 
ionospheie over the reference and remo.e sul.>. 
respectively ; is the phase of the so-called source 
visibility function and represents, in effect, the 
modification of the fringe phase due to the source 
being partially resoived by the interferometer; and 
qisan integer that indicates the ambiguity, discussed 
earlier, in the relation of fringe phase to t^. 

The approximate expression for is 

T„ = - (l/f) B • e (2) 

where c is the speed of light, e is a unit \ectoi 
in the direction of the radio source, and B is the 
baseline vector thtil extends from the reference site 
at the time of arrival of a wasefront to the remote 
site at the time of arrival there of the same wave- 
front, on the assumption thiit the propagation is 
III vaLinim. 

The group delay, t, being the derivative of the 
fringe phase with respect to the angular frequency 
10 is given by 

T(f.) =•(! - R,)t, -r (E. - E,) f R.(t. i- E.) 

- K,U,+ E,) I Tp.,4 (»;, (.t) 

where Tp^^ is the propagation medium contribution 
to the group delay and 0 denotes the contribution 
of the source visibility function to t. The “fringe 
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r le” is the derivative of <1) with respect to f,. The 
fringe rate divided by wj^is the “phase-delay rate." 
T iC latter quantity is also free from 2ir ambiguities 
and is used to estimate the geodetic parameters 
of interest, but has a much less important effect 
c these estitnates than docs the corresponiiing 
gioup delay. 

5. DATA CORRELATION AND FRINGE ROTATION 

The signals recorded at each of a pair of sites 
must be cross correlated to obtain the estimates 
of fringe phase, group delay, and fringe rate or 
phase-delay rate. These estimates, in turn, are used 
in a subsequent stage of processing to determine 
the geodetic paramelcis of interest. This last stage 
of processing involves a rather standard application 
of least-squares parameter estimation and is not 
described here in detail. The first stage of process- 
ing. on the other hand, being both novel and ctuvial 
to the interferometer system, is described in some 
detail. 

The video signal, V(I), at each site is infinitclv 
clipped and sampled so that the sample value. V'(/i), 
is given by 

f ^ 1. ifV'U)i^(i 

V'(n) = < (4) 

l-l, ifVifXO 

where n represents the sample numlser corre- 
sponding to the time t. The recorded data tapes 
t ntaining these samples are processed on a general 
parpose computer (CDC 3.^00) with the aid of a 
t -ripheral processor interfaced to the computer via 
o'lect memory access. The peripheral processor 
■ otates the fringes" (i.e.. corrects for the dif- 
ference in the Doppler shift of the signal at the 
I ./o sites) and cross correlates the data streams, 
llie correlation, along with the fringe rotation, is 
performed on a record-by-record basis. For eacfi 
I cord, the a priori value assumed for the group 
delay, quantized in units of the sample period, is 
b !d constant. This value is termed the "bit offset" 
b. tween the two data streams. The rate of fringe 
r tation. i.e., the fringe .ate. is also held constant 
for each recorrl. The bit offset can be as large 
as 20 msec, but even for the highest possible fringe 
I !c (^20 kHz at our A'-band radio frequency), the 
change in offset during one record would be less 
t .m 0..*’ pisec w hich is about one third of the interval 
between samples. I he quantities calculated for the 
/ a record, the so-called cosine and sine parts of 


the complex correlation function, R'/' and K,'*, 
respectively, arc thus approximated by 


/= -3, -2, -1,0, 1,2. 3 (5) 

where the familiar Van VIeck clipping correction 
[ Vdfi V'/irk and Middleton, 1%f>] has eeri .ipp. .d 
to the corresponding parts of the "clipped signal" 
correlation functions, p'/'and p'/', which arc given 
by 


• Vjtii ' in - I) 

V V,(M).S[(II- I)1J"'tJ 

• V'j(n + III - /) (6) 

where t, is the (constant) time interval betwe n 
samples: ft''’’ is the a priori value assumed for I' e 
fringe rate; and ar^ the viUco .ample ( ,ee 
(4)) at the reference and remote sites, respectively ; 
n is the sample index, or bit number, within the 
rth record; is the number of samples, or bits, 
on the rth record in each stream which may e 
correlated with those in the other; in is tbc b't 
offset, i.e., the integer nearest the a ^ iie. .1 
nonintegral) number of bits that corresp'mtb to t' e 
a priori value assumed for t; and I is lijc ; ac; r 
index for the offsets in the evaluation of f'e 
correlation function. 'I'he number of bits n oiw 
record is thus equal to N"’ + in. The fin'ctioos 
S(iin'''T,)and C(iin''' T,)are three-level a; pio .- 
mations to sine and cosine function-. I r C'c 
interval (-Tr.ir). wc use 

1, 0 £ I x| 3 it/8 

0. 3tt/«< |.t|s 5ii/K 1 7) 

-1. 5it/ 8 ^ I .t| s IT : A «ii.t'" , 

with the sine function approximation being identic ■! 
except for a 90^ phase shift. The factor (j in ( ) 
accounts for the average reduction in the correlation 
caused by the differences between S(nf)''’T,) and 
C(nfJ‘'*T,) and the true sine and cosine funniop-; 
it is easily shown that 


R'J'ih,) = sint(ir/2)p'/'J 
K';'(/t,) = sin [(ir/2)p';']; 


|1 

i'T C[U, - 
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P = ir/[4cos(Tr/}()] - 1.18 («) 

Tills three-level representation is especially efficient 
to use since multiplication by minus one is accom- 
plished by forming the (binary) complement of the 
i. ' il: la sample and multiplication by zero is accom- 
; ished by omitting the term in the summation 
process. 

After the correlation and rotation are performed 
tor each record, the sine and cosine parts of the 
ci'mplex correlation function arc transformed to 
the (video) frequency domain, in addition, the 
p lases of the complex correlation functions formed 
from K'/’(/tj) and K'/’(/T,)are rotated to counter- 
act the operations of (6) that cause each record 
to be started with zero phase. The resultant expres- 
sion for the one-record complex correlation function 
in the frequency domain is therefore: 

S'^'tw.) ==eAp(-iu,'''T''M V 

I- - 1 

cxpt-i/x.o),); »' = 1. 2 7 (*1) 

where r. as before, is the record index; w, is an 
tangular) video frequency with =2m/l6; 

lu"’ is the (angular) radio frequency translated to 
zero frequency for the rth record (w*'’ takes on 
for successive records the different vahres inchrded 
in the frequency-switching sequence; see section 
2); and x"'’ is the a priori value assumed for the 
group delay for the epoch of the first hit correlated 
(ri = 1) on the rth record. A simple correction for 
! ic “fractional-bit delay” is now applied to each 
value of S"’(u),. ), followed by summation over the 
V ideo band for seven different trial delays separated 
lv, X,. yielding 

7 

K'''(/t.) V S'''(oj..)evp(i7x.uiJ 

V« I 

• exp [ -iiij. (x''* mx,) j : / = -3,-2 2.3 lUt) 

w tierc the last factor represents the phase correction 
for the difference between the bit offset and the 
> line of x*'*. Kquations (9) and (10) apply for upper 
sideband frequency conversion. For lower sideband 
conversion, the sign of w, should be changed in 
both (9) and ( 10). 

Finally, a delay /delay-rate resolution function. 
DtAx.Ax). is defined as a two-dimensional trans- 
form of the complex correlation function, summed 
' er all records: 
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f»Ax.Ax) = V , 11 ) 

r 

where, as shown previously [Roner\ 1970], the 
values of Ax and Ax for which |/3(Ax.Ax)| is a 
maximum are the maximum-likelihood estimates of 
the residual group delay and phase-del.-iy rate, 
respectively. Here “residual” refers to the dif- 
ference between the true value and the a priori 
value assumed in the data processing. In Mil, the 
values of Ax and Ax are appropriate lor ae 'tart 
of the three-minute observation with f','’ being the 
time elapsed from this epoch to the start of the 
rth record as measured on the clock at the reference 
site. Theie has been no need to consider higher- 
order terms in the expansion of the difference 
between the true and the u priori vi'hic for the 
group delay. Further, it is acceptabf. to use as 
the argument of R'^’ that value of /x, (/ an integer) 
whicl) is closest to Ax. even though this argument 
changes dlscoiiliniiously . 

To achieve computation:.! •fti ■'f'ncy with ade- 
quate accuracy, the maxmuzaiion of | /)(Ax,Ax)| 
is carried out in successive stages. First, we obtain 
the values of Ax and Ax which maximize the sum 
of the magnitudes of the “single channel” (coarse) 
delay /delay-rate resolution functions: 

K 

V ID.tAx.AxI) ( 12 ) 

Iv-I 

w'here D^(Ax,Ax) is definec' • ■ ^71 \x,Ax) in (1 1) 

except that only the records correspon 'inc to the 
klh frequency channel contiibu c to .' .he ap- 
proximate maximization of expression ( 12) is carried 
out by evaluating it for each (Hvint in a o-Uimen- 
sional array of 7 trial values for Ax, spaced by 
the sampling interval x, (^1. I p cc). ai trial 
values for Ax. spaced by appn'ximaicly 0.4 
psec/sec for a radio frequency of ab> • S GHz. 
Both sets of trial values are cenlerc on zero, 
corresponding to the a priori estimate'. •’*' Ar and 
Ax. Next, a two-dimensional Fourier t oun is 
utilized for the maximization of (II) wi' 'he grid 
containing 256 delay values, spaced by ., 1.56 of 
the inverse of the smallest separation ir ‘ luency 
between any two of the K channels (usually about 
2 nsec), and 5 delay-rate value , spaced hv ipproxi- 
matclyO. 1 psec/sec. These trial values are centered 
on the “coarse" estimates obtained aho i u the 
approximate maxirp'''ation of expression (12). In 
the vicinity of the ‘ line” estimates obta • • 1 f'-oni 
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Fig. 3. Delay/delay-raic rc«olution function from a ihrcc-minutc observalion of the extragalactic radio source V'RO 42.22.01 
-I riled at 13:48 UT on 6 March 1974 with the Goldslone- Haystack inlerferomcier. Th<- letters n show, on rm arbilrart linear 
scale, the corrrse. singlcs;hannel delay-resolution function. The numerals i display the coarse frinpc-ntic spectrum, and l';c 
stars display the fine, multichannel delay-resolution function. .See text for further explanatisin. 


ihe second maximization procedure, a fiirihcr factttr 
of four decrease in the grid spacing in delay is 
u.ilized before a two-dimensional (nonquanlized) 
parabolic inlerpolafiitn is performed to determine 
the final estimates of the residual group delay and 
p,.ase-delay rate. 

Figure 3 shows a sample output from the fringe 
1 1 tcessor for an observation involving five fre- 
qt ency channels (K = .S). The relative separations 
were 0, 14, 16. 22. and 26 MHz, yielding a set 
f pairwise differences of 1,2. 3. 4, .S, 6, 7. K. 
1 1 and 13 in units of 2 MHz. the minimum frequency 
' naration. This approximate maximization of Ihe 
number of differences with a minimization of the 


redundancy of differences tends to minimize the 
magnitudes of the “sidi utcs" in | DtAT,A-r)| as 
illustiated in the figure and described further below. 
The letters D display expression (12) as a function 
of At for seven values spaced by t,; the common 
value of At is the one liial yieUled the maximum 
in the first maximization procedure. The numeials 
4 display Ihe coarse “fringe-rate spectrum,” i.e., 
expression (12) plotu d a<- a function of At, convert- 
ed to residual fringe rale, tor that value of At which 
yielded the maximuni. The spacing of Ihe At values, 
approximately 0.5 psec/sec, corresponds to an 
incremental fringe ra'c >f ahoni 4 mHz at the .Y-band 
frequencies used. Because of computer “overplot- 
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ting.” not all points are shown. 

The stars in Figure ?> depict |D(At.At)| as a 
function of At with the common value of At being 
the final estimate of the residual phase-delay rale. 
■ fhe function is evaluated at 256 points, spaced at 
intervals of approximately 2 nsec, to cover the full 
, 500-nsec range that constitutes the basic periodicity 
of I D(At.At)|. viewed as a function of At. .\part 
from the effects of errors, this “fine” delay-resolu- 
tion function is invariant under reflection about that 
value of At for which the function is a maximum. 
(We ignore here the “envelope” effect of the 
nonzero (360 kHz) width of each frequency chaii- 
r.'l which serves to alter slightly the values of 
|/J(At.At)| for neighboring “periods” of its argu- 
ment.) 

Figure 4 shows the fringe amplitudes (letters A) 
and phases (numerals) for each frequency channel 
in the sequence of five; these values correspond 
to the amplitudes and phases of the coherent 
averages of the appiopriate sets of values of R"\ 
after removal of the effects of the estimated residual 
group delay and phase-delay rate. Both ordinate 
scales are linear and the abscissa scale depicts time 
from 0 to 3 min. separately for each channel. The 


points shown are spaced 10 sec apart m time and 
represent these averages over ten records for each 
of the five frequency channels. The same systematic- 
trend that can be seen in the phases for each channel 
probably results from some combination of atmo- 
spheric-induced and frequency-standard phase 
fluctuations. The segment of Figure 4 farthest to 
the right shows the phase calibrator phases for the 
reference station, with the numerals 1 through 5 
denoting the frequency channel, and for the remote 
station, with the letters A through E denoting the 
frequency channel. These points are spaced 2(1 sec 
apart in time with each representing a coherent 
average over that period. ((Quantization in the 
computer-produced graphs is responsible for the 
discontinuous appearance of all of the curve For 
the same reason, there are missing iTsand a missing 
Dwhich coincide, respectively, w ith the appropriate 
'Ts Hid H. ) 

6. ERROR ANALYSIS 

It is of obvious importance to determine the 
uncertainties in the estimates of the group delays 
and the phase-delay rates. These uncertainties can 
be derived in a straightforward manner [ Rogers. 
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|y'0; Moran, 1973] in terms of the system charac- 
tc; islics, and only the results are given here. 

The standard deviation, fr(<t>). in the estimate of 
^ fringe phase for a single frequency channel is 
en by 


o<-» 


rr r r.r,^T.r>r,T, 
2 L r.T'N''*' 


1/J 


radians 


(13) 


where T, and T\ are the system temperatures at 
the two sites; and T'„ are the corresponding 
contributions of the correlated portions of the flux 
to the antenna temperatures; and N'*'” is the number 
of bits correlated for the given fre(|iiency channel 
(the sum of N''’ over all records r that correspond 
to this channel on the dat^ tape). The '.tnnJaid 
deviation. 0 ( 7 ). in the estimate of the phase-delay 
tale for a single frequency channel is 


iriT ) => [ 12' '’tT(iJ>)] /u> j /, sec/sce (14) 

where f, is the total time of integration and 
is defined m section 4. The corresponding standard 
deviation for the estimate of the fringe rate is 
oj^a(T). The standard deviation, 0 ( 7 ). in the esti- 
mate of the group delay is 


(t(t) =• <T(<t>)/(2TrA/’,„, ) see (1.3) 

where A/,„„ is the root-mean-square deviation about 
the mean of the frequencies of the loctil-oscillator 
signals used in the programmed frequency-switching 
sequence, and where now (t(«|i) is computed using 
the total number N of bits correlated for all fie- 
iiiiency channels for the entire time of integration 
(sum of N"'* over all records rthat were correlated 
on the data tape). Ihe rms erroi it((]i^._,, ) in the 
e^tinlate of each of the calibration phases is approx- 
imately 

.• (Tr/V2N“'”/\„,)' ’ radians (If.) 

where /\„i/7 is the fraction of the total power 
i! ‘ to the calibration signal. 

quatu)ii 1 1.*') shows that, even for the relatively 
M 'I i ns frequency spread of 10 MHz. the error 
in the estimate of group delay can be under 0.2 
n • vs hen rrld.) is less than 0.01 . w hich corresponds 
tvi signal to-noise ratios greater than 100. 


7 Kt..sfl IS AND t UTliRE tMEKOVFMliNTS 

■ leasiiicmenl errors have, in fact, been well iiiuler 
1 isec loi guiup delays determined from observa- 
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tions of strong sources when sufficiently sensitive 
interferometer systems have been used. This accu- 
racy is illustrated in Figure 5 by the sample of 
postfit residuals from the Goldstone-Hay stack 
VLBl experiment of 29-30 August 1972. These 
residuals represent the observed delays minus the 
theoretical delays with the latter being based on 
the weightcd-lcast-squares analysis of the tot.il of 
19f. observations. Uy this mialysis. cstiinal': v.cic 
obtained simultaneously for the radio-source posi- 
tions, the three components of Ihe interfcroinet.i 
baseline, the clock epoch and rate differences a" J 
the parameters that describe the excess elecirit a 
path length in the zenith directir>n over each site 
due to the atmosphere. A modified cns.'cani !.•" 
was used to represent the atmospheric delay and 
simple models were used to attempt to correct for 
the small (:Sl nsec) effects of the ionospheie ai J 
the ^olid-earth tides. The rms of the postfit residu. s 
for all 1% observations from this experiment was 
slightly under 0.2.3 nsec. 

Table 3 compares the current level of extH-cted 
measurement accuracy with the accuracy actiiallv 
achieved, as estimated, where possible, from li.e 
consistency of results from separate experiments. 
Further development will include radiomcteis to 
correct for the effects of the neutr.d atmosphere 
through observations [.S'r /iiipcr el ri/.. 1970] .i.oeg 
Ihc line of sight near and at the 22-(iHz f-eq' n> v 
of the walcr-vapor spcctral-line emissu n. loi.. 
spheric delays can be corrected more accurately 
by observing simultaneously at two v. iili I sC ,• 1 . 
cd frequency bands, as mentioned earlier, aiic. we 
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Measured 

quantity 

Tbcoielical 
standard 
deviation ' 

Typical rms 
error 

Contmenis 


• Fringe phase 

U.5 deg 

— 

Very difficult qiianlity to use exceot in 


Phase-delay rate 

0.1 psec/sec 

0.2 psec/sec 

differential cxperimeiils’ 
lypical erriMs based on postfil 


Group delay 

0.2 nscc 

0.3 nsec 

residuals ' 

Typical errors based on posifit 


Source ptisitions 


0.05 arcsec 

residuals* 

rms spread in 4 separ.de exit-rimcnls 


Baseline length 


20 cm 

[Rogers ft ai, 1973] 
rms spread in 9 separate experiments 


Polar motion 


5tl cm 

[.Shapiro ft al.. 1974] 
formal standard error j S/ui.'imi r al.. 


Universal time (UT.I) 


I msec 

\<PA] 

formal standard error [.S(iupiro ef ai. 


Clock synchronization 

— 

I nscc 

197.,, 

formtil standard error 


' Bustilon 18()-sccondcoheicnl inlcgniti«n and sigrcil-io noiv: ratioof I fK». approximately that achieved on the Haystack-CK'Idvtivne 
baseline with an unresolved source with flux density aNnil 5 x 10 wm • H/ ' Hstimale of phase-delay rule stansLird deviation 
also includes effects of instability of the frequency standard (see Table 21. 

^Differential VLBI [ Coiiri.sWmon et ai. 1972] experiments have made use of fringe pha'-e by reducing the effect of ambiguity 
through maintenance of continuous phase tracking. 

’The rms residuals are larger than the theoretical uncertainty owing to systematic effects not adet|iiatel> incliuled in the 
mcslel. such as variations in the atmosphere and iomisphere. 

hi pe to add an S-band receiver to our A'-baiid 
system for this purpose. Since the phase calibrator 
is a broadband device, its signal can be split to 
calibrate both receivers simullaneously. Major re- 
J ctions in group-delay measurement errors can 
be achieved through use of substantially wider 
h .ndwidlh receivers and/or VI, HI re'-ording sys- 
' ms; both arc technically feasible, the former now 
ncing available commercially and the latter being 
under development by our group. 

■UkiiiwU'dKiwnl.f. \k'e would like to Ih.mk W. Kulknwski 
for designing ;ind building an improved device foi ficqucncy- 
switclimga synihcsi/cr. and the staff of the Haystack Observa- 
lo y for help in tlic hardware eunsiriiclion. \Vc also lhank R. 

A. Ballcw and C. f . Martin of the IX-fensc Mapping Agency 
whose support and encouragement have done much to pionMite 
development of VI. HI for gciKiclic applications this devel- 
. 1 ' nenl was supporicd by the Advanced Research Projects 
A cncvtcnniraci f-23<i<)l-71-C-fl092). R.idii aslnmoinv programs 
at Haystack arc supported by lltc National Science roondalion, 
ennl MI’S'! n; UN A07. The work at llw Massachiisclls Institute 
■' fcchnology was supported in p;ul by the National Science 
riiundation. grant DPS 74.22712. 
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5.6. Esciination of Astrometric and Geodetic Parameters* 

5.6.1. Introduaion 

The technique of very long baseline interferometry (Vl.Bl) h.ts enormous 
potential for important applications in astrometry and geodesy. Consider- 
able progress has already been made in the exploitation of this technique for 
these applications, but the ultimate aecuiacy inherent in the method ha» not 
even been approached: VLBI is in a siuee of rapid improvement '«nd prob- 
ably will not achieve a mature status for some years to come. In this chapter, 
we confine discussion to the information content of llv- Vl ^l observables 
and to the deduction of the relevant astrometric and geodetic quantities 
from this content References to results already obtained are included. 

5.6.2. VLBI Observ.ibles 

Interferometric observations of a point source of continuum radio radia- 
tion can yield fringe phase and fringe amplitude us functions of time and 
frequency. Because the observations, for practical reasons, are usually 
broken up into relatively short time intervals and relatively narrow frequency 
intervals, it is convenient to consider two additional ("derived") quantities: 
the time derivatisc of the fringe phase, the so-called fringe rate, and the 
angular frequency derivative of the fringe phase, the so-called dilTercnced 
group delays or. simply, group delay. In similar language, the fringe phase 
and the fringe rate, after division by the angular frequency, are the dilTer- 
cnccd phase delays and the dilfcrcnced phase delay rates, resiscctively. 
Despite the obvious lack of parallelism, we adopt the currently used terms: 
fringe amplitude, fringe phase, fringe rate, and group delay. 

The manner in which the fringe phase </>, the fringe rate <j>, and the group 
delay t arc detei mined from the true observables the recorded signals is 
discussed elsewhere in this vailumc. as arc the expressions for the uncertainties 
in these determinations (sec Chapter 5.5). ,\ discussion of the problems 
associated with the extraction of fringe amplitude from the recorded signals 
can also be lound in Chapier 5.5 and elsewhere.''^ Since our principal 

' A R W hiincy, fh tT. Thesis, l>cpi. CIcc. Fn#., Massachiiseiis Insl. of fcchnol. t I974j. 

’ J. t. W illels ft III., Aiiiiipliyt. J 196, t3 (t975| 
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concern here is >vith geodetic and astrometric measurements, »c sh.all con- 
centrate mainly on <f>, and t. We may express these "second-generation” 
observables theoretically. To do so. we choose a coordinate system with 
origin at the solar-system barycentcr. and we assume the validity of general 
relativity. The reason for this seemingly bi/arre choice for a system to 
describe quantities inferred from earth-based observations is simple: In 
order to combine in a comprehensive analysis diverse astronomical observa- 
tions. such as of interplanetary time delays and of pulsar signals, and to 
determine quantities which arc each sensitive to more than one oi'the observ- 
ables. it is far easier to do all the computations in one coordinate svstein than 
to do each in a system convenient for one particular observable and then to 
convert each to a common system. The opportunities foi error in the latter 
procedure arc plentiful because of the importance of relativistic clfects in 
modern observations. 

In terms of the so-called isotropic Schwarzschild coordinates, one can 
show that for two elements ; and / of an interferometer array: 


(.S6.1) 


</),//) i mr,y(r) - 2u)rfj -t- 2nn. 

(JebiXt) d St oi . .. 

—;j~ o) — - ^ (R • (fy - f.t 4 it • (ry - r,)l i- oj(f[j + ffy - try). (5.6.2) 


T,/f) > St -p[k- {T, - r,)] - 4 (tt • ry -g ft • fy) Ar f rjy -i i‘j -r rfy. 


(5.63) 


where 


T,(t) = / (• UTC - A I - 32.1 5 - ft • r, 


+ 1 PT + ^ a,i(/ - /„)* |scc). 

4*0 


(5.6.4) 
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-(ft ) fj)-c. -(r, -r )-f 
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1 - -(ft (- 


- I - 'o)‘ - V' - 'o - A/)*). 


(5.6.5) 

(5.6.6) 


and where / is coordinate time. I\ the cliKk reading at site i, to the angular 
(radio) frequency to which the fringe phase is refcricd. n an integer indicating 
the ambiguity in fringe phase, e the specil of light. r,(r) the geocentric position 
of the interferometer element / at coordinate time /. K(i) the barveentric 
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position of ilic center of mass of llic earth at atordinale lime t. i\ tlic unit 
sector in the direction of the ohsersed (point) source tif the radio radulion 
(sse ignore here possible parallas elTects), rjy the dilference m the devia- 
tions of ihe cliK'ks at sites / and / from "true" atomic time at the respcclise 
sites, rjy the delay introduced by the neutial aimo.spherc, and t[’, the delay 
caused by the dilTercnce in the integrated charged particle content along 
the paths from the source to the two sites. This last delay has an clfei l on (/>,, 
and <oT,y of nearly equal magnitude but opposite sign in our sscak-magiictic 
held, dilute-plasma case. I he main contribution to t[) comes from the earth' . 
ionosphere (('hapier 2.1) since nearer the source, presumably, the ch rd 
particle contents along the two paths arc very nearly equal In the expr. .i>«ii 
for the coordinaic-linic dependence oi' the time, I kept at site /, we noic 
that UlC' denotes coordinated uni crsal nine which the site attempts to 
maintain. A1 denotes iilomie lime as kept by the Liniicd States Nasul 
Observatory. LI’ f fc-pieseiiis ilic long p.Tind ( I dav) terms in the expre' ion 
for aton.ic time in terms of coordinate lime. 32. 1 5 sec represents the epiKh 
off et of A I and coordinate time chosen for convenience in other asiu 
noniical applications, and the A'th order polynomial is a simple model repre- 
senting the deviation of the actual clock perlorniaiice from the desired, 
referenced to /g which may be the iiiid|>oiiil of a short ( I day) ser'cs of 
interferometric observations. The quantity Ar represents the coordin.at' lime 
interval between the arrival of the signal at the two sites. 

A superposed dot in the equations signifies differentiation with respect 
to coordinate lime. The i-i asymmetry in the equations is intrivduccd he- 
cause (i) the delay is measured with rcspcrt to time as kept at site /. and 
(ii) tin' ‘‘Wngc rate is defined in terms of the derivative of the fringe [>iiasc 
with res)vct to lime us kept at site / F or a clear, elementary discussion of 
these observables, see Chapters 5.1 and 5.5. 

F rom the pomf of view of this chapter, the terms and rjy are source* 
of noise Ihe enc*cl of the foinier can be vinually eliminated ihiougli ex- 
ploitation of the frequency dependence of the index of refraction of a 
plasma (see Chapter 2.1). If the VLHI measurements are made simulta- 
neously in two frequency bands centered at /, and (/j > J,). then the stan- 
dard deviation o(t^) in the determination of r freed from charged part . le 
eflects is related to the standard deviations <r{x^) of the group delays tncasuicd 
at the frequency bands *1.2) by the expression 

o(t/) ^ V(r.) f/:V’(tj))''^ (56 ?> 

F-or /j i 4/, and <j(Tj) ar n'r,). we find tr(r^) a I (l7<r(Tj) Fhus. the degrada- 
tion in the measurenienl curacy caused by the charged particles will i>e 
about when this proce<*iirr is used. A further improvement, by an order 
of magnitude or more, wv .Id be pc'ssible if the fringe phu'C could Ik del i- 
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mined unanibipiiously, lor example by suHicicnl accuracy in the mea'.;e- 
nicnts of T at the two frequency bands For such a circuntstancc, we 'ind 

<T(T,)s |2»t(f,' ' (5.6 8) 

wlicu a - i. 2. is the stardnrd deviation of the measurement of 

frinpe phase in the Ath frequency band. When converted to comparable 
units, is approximately equal to where is tiic rn.. ^ c; 

the mean of the synthesized bands used to dcteiminc the group delay isee 
Section 5 5.5). Since is usually small, use of fiinge phase, if p s able, 
is advuntupcous in the determination of Xf. 

The calibration of the elcxtrical path length of the neutral atmosphere 
(Section 2.5.4) presents the mam limitation on the accuracy achiev.ibic with 
VI lit in astrometric and geodetic applications. A new mcthiHl. not yet tried 
in a \ LHI e>|)erimcnt. shows the most promise for this path length calibra- 
tion. This method' involves monitoring the brightness temperature of the 
atmosphere at and near the 22 GH/ water-vaptir spectral line along the 
line-of-sight from each interferomete’’ intcnna to ibe source. I he measured 
brightness leni|>craturcs at each site are used to inlet the electrical '•ith 
length by means of an empirical, linear algorithm 1lic algorithm, in turn, is 
based on a statistical analysis of large sets of actual radiosonde d.ila Irom 
which both the implied electrical path lengths and the brightness icmivcratures 
at the various frequencies were calculated. The linear relationships 'vd.ccd 
led to errors in the determinations of zenith electrical path lengths of aoout 
I cm rins in winter and I.4 cm rins in summer, both for the Nor . te.n 
United States. 

5.6.3. Information Content of Observables 

I he VLIil observables are alfectcd not only by the piopagation imdi n 
and the relative behavior of the chicks at the two sites, .is indic..!.-'^ explicitly 
above, hut also by the source's structure and motion, the solid-cirili id,.s, 
the crustal motions, polar motion, speed of rotalion. nutation, and precession 
of the earth, and other small physical effects. Tlicse elfects due to tiic soui' e 
and to the earth (see Section 5.6.4) primarily affect I qs (5.6 I) (5.6 3) 
through the time de|iendences of 6, and r,, rcsfvc'ivcly (iivc si <ta ilc 
paramctrizalions for all of these inlluenccs. useful estimates of the param- 
eters cun tie obtained from analysis of the VITU oh-crv jiions. • • ted 
the data are of suDicient accuracy, span a suflicicn'.ly long interval ol tiiiie, 
and are of such a character as to eliminate ucgcneracy— the conipletr t ' ng 
of the cfTe< ts of one parameter by lliosc of a combination of other paruiu>. u is. 

To rc| >uak.c die explicit paiumetrizations cn. ployed for each >i I >e 


’ L. W stlMper, I) H Slaeir, and J. W. Walcrs, fror Itli.l XR. (!<<■ 
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cITccls on the VI Bl observables would he to priKccil well beyord the scope 
of this chapter Instead, we will consider an oversiniptitied situation which 
is nonetheless amenable to a presentation of the most important ideas. Thus, 
we eonsidet the earth to l>e a rigid body rotating with a constant and known 
angular A'^-city vector, and eaeli ..ourcc to be at infinite distance, ofinlinitcs- 
irnal extent, and with an unvarying output of radio radiation that travels 
in vacuum between source uiul site. II. furthei. the cltx'ks at the two sites 
dillcr only in their epoch setting and in their rate (»jj ^ A »U. I). we 
can conclude that for group-dcl.iy mcasuremcnis. for example, the time 
dependence wilt be a diurnal sinusoid superimposed on a linear term that, in 
general, neither intercepts the origin noi has /eiu slope. The constant, or 
intercept of the linear term, repre -nts the a<l>hii.i. dTccts of the clock eptK ii 
offset and the product of the polar, or axial. comtHinents of the baseline 
vector and the souice-positiou unit vcet(>r [see l.q. (5.5.1)]. ihesto[K; ul 
the linear term represents, of course, the cliKk-ratc offset The amplitude of 
the sinusoid measures the product of the equatorial component of the baseline 
and of the source-position unit vector, as also illustrated m Eq. (5.5.1); the 
phase of the sinusoid is a measure of the *’ tilt " of the baseline with respect to 
the plane normal to t,. In this model, then, any number of group-delay 
observations of a single source can provide no more than lour quantities: 
the intercept and slope of the straight line, and the phase and amplitude 
of the superposed sinusoid. These four quantities constitute the information 
content of the group-delay obscrvnble. The situation for the Iringc-phase 
observable is similar Por the fringe-rate observable, three quantities provide 
the total information content; all sensitivity to the time-independent terms in 

vanish upon differentiation 

Considering the information content of these »ibscrvables. how may we 
determine the three baseline compt'nents, the two source position compi<ncnts, 
and the two eUxk difference characteristics? T he unknowns seem to combine 
to seven and the knowns to only four for even the group-delay observable — 
clearly an untenable situation. Actually, the unknowns total one less since 
we arc free to choose our origin of right ascension I he origin of declinaiiun 
is provided by ihe plane norm.-il to the (given* flneiil;»r veltKily vector To 
play a “ winning game," we try the strategy of observing addiiional sources: 
hach new source for which we chlain group-delay observations can provide 
Up Ul three new quanliiics, siiiec llic sio{x.‘ of litc linear term is the only orK 
independent c»f the souicc. Rut each new source ailds only two new unknowns. 
OK-ervitions of a minimum of three sources are thus required to solve for 
all relevant paramctcis.* 1 wo caveats must be mentioned; 

(i) \\'ith fringe phase ir. lead of group delay used as the observable, the 

* I I. StupiroaiKl C, A Knighi,/n “I arlhaiuskr l>i%r'acenicnt I icUlt «iul the Rotation 
of the Uirlh” (A. BixV, ed.), p. 3K4. Rciilcl l*ubl., Uonlrci i r7i 
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game can not be won completely if an unknown constant phase is imrixluccd 
with each source. In such an csent. ihc number of unknowns added Tor each 
new source just equals the number of knowns. further, unless Ihc fringe 
phases observed fur a source can be followed througii a substantial fraction 
of the diurnal cycle without introduction of 2, a ambiguities, liitle useful 
information can be deduced about baseline component', or source positions. 

(li) With fringe rate alone used as the o'^servablc, it is not possible, in 
principle to determine cither the cliK'k oilset, as mentioned, the polai oun- 
ponent ot the bnsdine, or the declination of all sources. Ihc declination of 
one sourer- a near equaturial one is the best siiiglc choice -may be fixed 
in accord with, sav, opiiial observations, or an overall constraint may he 
applied to insure (hat. for cxainplc, (he weighted mean of the source .Iccliiia* 
tions equals a preset constant determined from optical data. 

Although omitted here for brevity, it can lie shown that for (he necessary 
number of group-delay observations of three sources, the relations m terms 
of the unknowns can, in fact, be inverted to yield solutions for all of the 
relevant quantities; there arc no degeneracies if the observations of each 
source span a reasonable fraction ol the diuinal cycle. 

Analyses similar to those given above arc casilv carried out fm combina- 
tions of observables and fur interferometer arrays with three or more elements. 
In brief, tlicsc show that, to be able to solve for all relevant parameters, at 
least two .sources must be observed mi matter how many elements in tl 
array. 

5.6.4. Astrometric and Geodetic P.vrsmeters 

Using the principle;, described in the previous sections, and extenoons 
thereof, we can utilize VI III ubscivjtions to deduce the ptwitions ami 
structures ofexirugalartic sources, to test the predictions of gener.tl rclativitv. 
to dcicrniinc satellite orbits, to estimate the relative ivisitions of radio 
transmitters placcil on (he moon by the Apr'llo astronauts, and to determine 
various other quantities of geophysical and astronomical interest Here wc 
describe some of tUcse methods and give icicrcnccs lo the major results so 
far obtained 

5. 6.4.1. Source Position, f ringe rates and group delays have been used 
successfully to determine posiiiuns of sources of compact continuum radi- 
ation since 1969.' The accuiucv achieved hat so far progressed from 
uncertainties of several are seconds down lo unceri,iintics of about one- 
tenth of i.i arc second. In the most recent such determinations.* the authors 

* MU Cohen and IT B. ShaHer. (j/fixi J 76. 91 (1971 1 . 

* M. f. Iliiiieirgiter ft al , SruHff I7.t. t% (1972). 

’ M M. tohen, /iMntphfi 12. HI (19721 

* A. L. t. R»(crs n al-, Aslrr/Ot J. IN6, Ruri (I97jj. 
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made use of u weiglUed-leasl-squares estimalor to find the source positions 
from sets of redundant data obtained at a radio frequency near 7850 MHz 
(A i 3.8 cm) with a 3*)00-km-basciine interferometer- the so-called “Gold- 
stack” interferometer formed by the 64-m-diameter antenna of the Jet 
Projiulsion Laboratory in Goldstone, California and the 36.6-m-diameter 
antenna of the Haystack Observatory in NV’estford, Massachusetts. 

Fringe phases were first utilized to obtain estimates of the relative positions 
of closely spaced, diseretc water-vapor masers (A 13 cm) in our galaxy. 
These emission regions all w'erc visible in the antenna beam of each element 
of the interferometer employed. Even though the separate. 3-min VLBI 
observations were spaced J h apart, it was possible to determine accurate 
relative positions of the distinct regions from the fringe phases. We may 
outline the method bi icily as follows. The relative fringe phase. A0(r), between 
a pair of the discrete smirccs, measured at time /, may be expressed as 

A</>(r) = d>(Ax. Ac); /) -f e + Inn (5.6.9) 

in the stiong signal case, where c (<J2a) is the Gaussianly distrrbuleil enoi 
in the (ambiguous) pha.se determirat'on, n is an integer, and O rcptesenij 
the theoretical value of the relative phase given as a function of the dilTercnccs, 
Aa and Ad, in the right ascension and declination coordinates, respeuively, 
of the pair of sources (other dependences have been omitted for brevity). The 
conditional probability density for Aj and Ad, given the set of independent 
relative fringe-phase estimates Ac^(/y) and the assumption that all vah’es of n 
are equally probable, can be written as 

/>{A*. Ad|A<^) oc/>n(A3t, Ad) X Il£ — 

I- 1 1 It- - at rTy 

X exp( [Ac/)(/,j) - 2nn - d>(Ai. Ad; (5.6.10) 

where cr,^ is the standard deviation of the relative fringe phase from the th 
of Jf observations on the r'th of / independent baselines, and where A.5) 

represents the joint a priori probability density of Ax and Ad determined 
from the unambiguous frince rale data as described in Ch;iptcr 5.^. The 
relative position is then taken to he that set (Ax, Ad) for which the right side 
of is P mnvJrptim fn pr'irticC, «*r**n-‘**|^ tc 

by a systematic evaluation of p over successively finer grids in the Ax Ad- 
planc. Because of its relatively slow variation with Ax and Ad. p^ serses 
mainly to delimit the area of search for the maxiiniim of p. Further iletails 
are given by Reisz vt ul.'' who determined the separation of iwoeomponcnts 
0.3 arc sec apait in the radio source W'3(Oll). with an crior ellipse whose 


A. C. Reisz rl a!., A\lrophyx. J. 186, 5.17 (197J), 
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major and minor axes were 0.0003 and 0.0001 arc see, respcctiNcly. \ three- 
element interferometer with maximum antenna spacing ol 845 kn. v- used 
in this 1971 expcrimeni; Haystack, the National Radio Astronomy Obser- 
vatory’s 42.7-ni-diamelcr antenna in Green Bank. West \ irginia. and the 
Naval Research i.aboratory's 25.9-ni-diameter antenna at Marylat- 'Vint. 
Maryland. 

Ft'r a pair of sources whose angular .separation in the sky is not t 'rcai. 
a two-cicment interferometer ctm be used to monitor the fringe phase lor 
each source, without the introduction of any 2n ambiguities, by switching 
rapidly back and forth fiom observations of one to observ.ations of the 
other. Aside from the obvious conditions on mutu.il visibility, the liiuitation 
on angular separation is set primarily by the slew rates of the an aus form- 
ing the interferometer. By subtraction of the fringe phase fit ■ for ’’e 
two sources the resultant dilfcrcnced fringe phase is csscnti.illy !rced from 
the effects of any clock wandering and, for neighboring sources, from almost 
all of the effects of the propagation medium. Analysis of this dii^ renced 
phase observable can therefore yield a very high accuracy in th- ■ ’mate of 
the relative source positions, approaching that achieved for tlie discrete 
water-vapor maser regions. The difl'erence observable. A</). may be wiiten 
as 

A(^>(r) i (rrj/?'<){Aa cos D cos sin(. lo + Q/ - a) 

- Ad cos D sin d cos( Ag + Ur — a) i Ad sin /) co^ ' 

0.11) 

where Zi s jr^ — r, |. a and d arc the coordinates cf the lefercr.' • oue. 
/fo and D, respectively, the right ascension, or hour angle it epoch and the 
declination of the baseline, and 12 the angular velix’ity ol the earth. c have 
omitted terms of higher order in Aa and Ad. as well as othcis indicated in 
tq. (5.6.1). 

)Ttr some pairs of sources we find, for example, that Ad = C>(Aa^)' >n such 
cases Eq. (5.6.11) for the dilfcrenced fringe phase, .ic.urale to (f( . ml!^t 
he augmented by the term — J ,\a’ cos 72 cos d cos(,l„ -I- 12r — a) inside the 
braces. A similar mcidilication is required for Ax f>( d’). A' mple 

illustration, consider the efl'ects on the estimates of Aa and Ad of a. nor in 

baseline rlueclion for the case in which ,5d = O(Aa^); 

d Aa i .5.11 d/2 tan /). ,5.6.12) 

d Ad Aa .VI cot d. tvlf) 

where d,-l and dZ2 are the baseline direction uncertainties. 1 hus. for baselines 
nearly Easi West (small 72) and high declination vnirccs. the cvt ' v < f 
Aa and A.) arc both insensitive to baseline direction errors and to cq.iivalcni 
errors in the Icni’th of the day and polar motion, discussed in Sect '.6 4.5. 
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The pair of compact continuum radio sources 3C345 and NRAO 512 are 
separated in the sky by only about 10"^ rad. with the separation in declina- 
tion being only 5 x lO"* rad; therefore % O(Aoi^). Four separate sets 
of observations that utilized this switching technique with the Goldstack 
interferometer (/=:3.8cm) were carried out on this source pair between 
1971 and 1974, and yielded dilfcrences in position with an rms scatter about 
the mean ol under 1.5 and 2.0 miliiarc sec in right ascension and declination, 
respectively. Thf«e results obtained by the VLRI Group of the Goddard 
Space Flight Center, the Haystack Observatory, and the Massachusetts 
Institute of Technology, can be used to set an upper limit of about 0.0005 
arc set/yr on the relative proper motion of this pair and. approxin\aiely. on 
the “absolute” proper laotiow of either source, since it is highly improb''h!e 
that their individual proper motions could be cc>ordinated Continuation of 
such measurements, with improvements in accuracy, could lead in the rela- 
tively near future to bounds on, or measurements of, proper motion of i 
in the determination of the distance scale for cxiragalactic objects. 

If two or more antennas arc available at each ^ite of a.i inlcrfcroT'-'e*-'r 
array, then the switching described above can K' avoided, and any two oi 
more sources that are mutually visible from every site can be monitored 
continuously and the difference fringe phases freed from clock elfccts if the 
same clock, or frequency standard, is used at a given site to govern the local- 
oscillator signals for each of the antennas at that site. The only combination 
of this type so far utilized successfully for precision astrometry has been a 
four-antenna combination: two antennas at each end of the 845-km baseline 
formed by the Haystack Observatory and the National Radio Astronomy 
Observatory in Green Bank, West Virginia. These observations, carried out 
in 1972 at :i radio frequency of 8105 MHz (2 i 3.7 cm) by the above- 
mentioned VI, HI Group, yielded posifit residuals for the difference fringe 
phases of about 20 pscc tins (a^ ^ 50 ); because of systematic effects not yet 
completely understood, the uncertainty of the rchiiive source positions is at 
the level of a few hundredths of an arcsecond. Using such data in conjunction 
with an a priori covariance matrix, based on other observations, allows the 
baselines to be estimated as well us the source positions. 

This “four-antenna" technique can also be applied to the detection of 
changes m relative positions of source pairs uue to liie changing deflection 
of r.idio waves by the sun's gravitational field as the line of sight to one or 
the other of tf.c sources of a given pair passes near the sun. Such a test was 
performed in Septcinbcr-Octobcr 1972 with the Haystack- NRAO configura- 
tion discussed above"’: obscrvtitions of the pair of cxiragalactic continuum 
sources 3C273H and 3C279 yielded nearly the predicted change in relative 


f. r. t'ounsciman. III e/ <//., Phy.\. Rev. Lett ,X.t. 1621 (1974). 
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position for the period surrounding the occultation of the latter by the sun 
on OetolxT 8. In particular, this change was found to be 0.99 + 0.03 limes 
that deduced from the theory of general relativity; a significant limitation 
vsas provided by the fluctuations in the solar corona which occasionally 
wreaked havoc on the Iringc phases for observations made with 3C 279 within 
a few degrees of the sun. 

5.6 4.2. Source Structure. Almost all of the compact extiagalactic radio 
sources observed with the VLBI technique have exhibited line struciuic; 
for many, this structure changes very rapidly with time ' One of the main 
astrometric challenges posed by these sources is the mapping of their 
structure and internal kinematics so as to provide a solid base for the theoici- 
ical understanding of their behavi''r. For radio continuum observations, 
this mapping, in principle, encompasses the determination of only the 
brightness distribution of a source and its changes with time The brightness 
distribution for a very distant source whose radiation is spatially incoherent 
is related to the interferometer fringe amplitude and phase through the 
well-known Fourier transform relation (see Sections 5.1.2 and 5.5.5) 

/•(,<. r) = JJ//(.v. i )r““'^‘>' J.\ Jy, (5.6.14) 

where V is the so-called visibility function whose amplitude and phase are 
the fringe amplitude and fringe phase, respectively. The parameters u and r 
rcpiescnt the resolution, say in fringes per arcsecond. of the interferometer 
in the Cast-XVest and North-South directions, respectively (Section 5.1.1). 
The I'arameters v and ,v. defined along corresponding directions in the sky. 
represent the Cartesian coordinates of the source on the plane of the sky 
with respect to some defined origin near the center of the source (Section 
5.5. 5). Since the source is always confined to a small region of the sky. the 
above relation can be inverted to infer uniquely the brightness distribution, 
provided l'(i/.r) is sampled in accord with the requirements of the two- 
dimensional analog of the Nyquist theorem. For any given *.wo-cleinent 
interleromclcr. only an ellip.se. or arc thercot. in the nr-planc can be sampled. 
Further, only the amplitude of F(a, r) can be determined usefully at these 
sample points; uncorrclated fluctuations in the propagation paths through 
the atmosphere over the two sites makes the fringe phase virtually worthless 
for the Jeterntimt'on "<• ■•n. r^,~ -<t^ '’''•'rlcrometer array with 

three or more elements, however, the Mint of the fringe phases around a 
closed “ loop” of baselines in the array is virtually freed from propagation 

" C. A. Knight el a!.. Science 172. 52 (I ‘171 ). 

A. R. Whhncy et nt.. Science 173. 225 (1971). 

” M. It Cohen el a!., Asirnpliy.i. J. 170. 207 (1971). 
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cfTects aiul dock errors. This "closure " phase (j>^ . which contains infoi maoon 
only on source strueturc. can be writien for ihree baselines .is'"* 

(/<£ i ) - </>u(Ti) + '/'jj('j). (5.6.1; ' 

where (/»,;((,) signifies the I'ringe phase measured on the // baseline referred 
to the time of arrival I, of the signal at site /. 

No \LHI array yet available is able, through the caith's rotation, lo 
sample the retiuiied parts of the i/r-plane lo produce a unique brightness 
distiibiition for any source. With the limited available frini’e-amplitiide and 
closure-phase data, one usually resorts to pariinetri/ed models of the biicht- 
ness distiibiition using the slata to esinnaie the paranietcrs via .. . tan 

algorithm sueh as the maximum-likelihood estimator. The model- im> , i.- 
sist of the eharactcristics of two or more point sources of radiation. Gaussianly 
distribuleil sources of radiation, liuncated one- or two-dimensional serie- 
rcprcseiuations of the biightne-s distiibniion, etc.— the limit is set only tsy 
the imaginations of the model makers and the capabilities of the computer! 
One may also parametrize the visibility function itself and. after estimation 
of the parameters through comparison with the available ilata, invert I'.q. 
(5.6.14) to obtain the brightness distribution.''* The difliculty with these types 
of approaches is that the rcstilts can be no Ivetter than the models, and may. 
in fact, bear little resemblance to the actual brightness distributions. In the 
future, larger, better arranged arrays will come into use. and the modeling 
problems will be niticli alleviated. 

5.6.4. 3. Satellite Orbits. I he \ LIM technii|iie can also be used to deter- 
mine accurately the orbi:, of earth satellites if they emit radio radiation 
l or satellites at synchronous altitude, even elTective radiated powers as low 
as a milliwatt, spread over a lO-Mllz bandwidth, yield signals coiiii-.iiaoie 
in strength to tlu'se received liom exiragalaetic radio sources 
The reduction of the tecorded X'LBI sign.ils to produce the o! . 

(sec Section 5 6.2) is more complicated fi>r satellites than for n.itural souices. 
Ihe motion of the siiielliic (hiring the recording must be accc>un 
explicitly and with reasonable accuracy to avoid “washing out" of the 
fiinges; In the cross correlation of the signals (see ('ha|iter 5.5|. the a piimi 
model must include a preliminary orbit of the satel'ile 
The final processing of the observables also requires modilii .ition. One 
must account in the equations of Section 5 6.2 for the changing pir.illax 
of the source introduced by its orbit. Although it appeals that, lor this 
application, a gcoccniric frame woulu be more appropri.ite, the reference 
frame we have chosen produces no parfictilai dilliculties since the vectors c.in 


'■* A. 1-. K. Kogers el iil., J l‘).t, 293 ( 1974). 
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be expanded in Mith a manner tha' llie appropiiate common parts ranecl. 
The parameter'' to he estimated must be augmented to aHov for th- •; n- 
dependent orbital elements; the basic estimator may remain uncliangeu. If 
the a piiori orbit was not of sulhcicnt accuracy, the cross coiiel.ition and 
final processing can he repeated with the original a priori orbit rep' e '■>) 
the orbit obtained from the first iteration 

This application of \’LBI was first liicil in l9bU. f rom iinls 7 hr < i o .r- 
vntions of the TAC SAl I communications satellite which was in a syn- 
chronous. nearly ciiuatorial oibit. an extiemciv accurate oi bit v ,■ ..icd ; 
six-place accuracy in both scniimajor axis and eccentricity, as , _ .y the 

consistency of the results ohtaineil from the group-delay and liinge-raie 
data, sepaiateb '* The obsersations were made from three sites (Hayst.ick. 
Green Bank, and the Owens Valley Radio Observatory. Big Pine. California 
(longest baseline 3500 km)) over a 10 MHz bandwidth centered at about 
7.3 GHz. 

7he VLUl technimie for satellite-orbit determination can hr- i ...npared 
with conventional radio tracking methods and with la ■' i.irviiu'.'' M're. 
we shall only intercomparc the utility foi geodetic applic..n i . i Bl 

observations of satellites and cxoag.iiactic r.idio souue.< .... ... ivsuui 
sources have one essential advantage. They have negligibly small proper 
motions, and hence provide an excellent approximation to an inertial refer- 
ence frame. Having the radiation sources on the satellite allows the i a-el i es 
to be located with respect to the center of mass of the earth, lies to this 
center degrade with the decrease in parallax accompanying an increase in 
the altitude of the satellite relative to the length of the baseline, obs. is 
of cxiragalactic sources ate completely insensitive to any parallel disphne- 
nient of the baseline. .Similarly, observations of satellites provide se.i'’ii’ ly 
to the earth's gravitaiional potential. This sensilivity, however, is a double- 
edged sword since, for the determination of baselines, deliciencie. he 
theoretical model of the potential are a hindrance. 

The most promising approach may be to mtike use simultancuusly of 
both natural and artificial sources. The satellites can then be liKated ascur- 
ately with respect to a stellar fiame; relative eirors might be kept as low <s 
a milliaicsecond if the satellite pa.sses close to. and sUmly by, oik f 
natural souices that constitute the inertial frame. One can even en ' •'S'' i 
hierarchy of ground terminals for geodetic use; The most sensitive i ota. .- 
tions can be used to observe both satellites and natural sources. whiH 'mr'I. 
transportable tciminals observe only the stronger signals from sa.cili. s. 
W ith the orbits determined precisely, relative to the inertial frames, ’’v ■' e 
large installations, the V'LBI observations by the portable ones c.o. 

“ R. A. I'ri'slon rri//., Science 178. 407 (1977). 
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to determine geodetic ties directly, l-'or this latter purpose, the satellites 
might be equipped with corner rellectors so as to be suitable targets for laser 
observations as well. An important role in the geodetic applications might 
also be played here by radio emissions from spa>.ecraft in interplanetary 
flight and in orbit about, or emplaced on. other planets. 

5. 6. 4. 4. Lunar Applications. The .Apollo astronauts left a numbei of 
transmitters on the lunar surface. Five arc still operating and may continue 
to do so for many yccnrs. Thev provide the opportunity, through diflercntial 
interferometr)-.'*’ to set up a selcnodctic reference system, to measure accu- 
rately the moon's libration. and to relate the moon's oibital position to the 
inertial reference frame formed by the cxtragalaciic radio sources 

T he signals from these so-called Al.SLP transmitters are charactcn/cd by 
a carrier and narrow-band modulation, with the former containing a small 
fraction of the power. The presence of a carrier allows a significant simplifi- 
cation in the VLUl apparatus: Instead of recording the signals themselves, 
one can compare at each site the received signals from an> pair of ALSFPs 
and record only the cycle count of the suitably multiplied difl'ercnce fre- 
quency. Voice communication or icletyix* between sites can then be used to 
establish immediately whether all systems are operating properly. 

Since the ALSEP transmissions ate at S-band frequencies (/ = 13 cm), the 
ionosphere affects noticeably even the dillercncc fringe phases fhe tran: 
missions from the dilferent AL SFPs span an interval of 4 Mil/, and these 
separations can be exploited to reduce the sensitivity of the results to the 
ionosphere when, for example, all live AI.SEPs are observed simultaneously. 

Analysis of the potential of such dilTercntial VI. HI observations of the 
ALSFP transmitters for the establishment of a set of selcnodctic reference 
points indicates that the uncertainties in the determinations of the vectors 
between the AI SEPs should be reducible to about one meter. At the 
present level of development of the technique, only dekameter accuracy has 
been obtained.” The uncertainties in the determinations of the moon's 
position with respect to the cxtrapalactic radio sources might he reducible 
to the milliarcsccond level, but no results have yet been obtained. The param- 
eters describing the moon’s libration have also not yet been deduced from 
the VLBI observations, but should, when the technique is developed, yield 
values perhaps comparable in accuracy to those obtainable from laser 
observations of the rctroreflcctors emplaced on the lunar surface by the 
astronauts. 

5. 6. 4.5. Geophysical Applications. The various motions of the earth's 
crust can be separated and measured with great accuracy via VLBI. We dis- 

“ C. C. Counsvlman. Ill, II. F. HinterrgBci, and I. I. Shapiro, Science 178, 607 (1972). 

''' C. C. Counsciman, III, II. F. Hinicregger, It. V\' King and I. I Sliapiro, Siience 181, 
772(1973), 
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CUSS bliefly tlicsc motions, the methods of measurement, and tlie lescls of 
accuracy so far attained. 

The precession and nutation of the earth, due primarily to the solar and 
lunar torques exerted on the earth's equatorial bulge, are manifested by a 
movement of the earth’s axis of rotation in an inerti.il frame. The coordi- 
nat's of the sources (but not the lengths of the arcs I'tuecn them!) vsill thcrc- 
ft',' appear t. ii.iiige if the equator of date is al.‘.a>s used to define the 
origin of declination. From the pattern of chance, the parameters chararto- 
i/ing the precession and nutation can be estimated. In actual practice, this 
paramclnzation is added to the theoretical model of the observable, and 
values for all relevant parameters are determined simultaneously. The period 
of the precession is about 26,000 yr. whereas that of the principal nutation 
is about 18.7 yr; thus, a number of years of observation are required for an 
adequate separation of the contributions of each to the observed paitern. 
Similar statements apply to the other perii'dicities present in me usual series 
expansion of the nutation. Fxcept for the relative insensitivity of the V LBI 
me ictirpmenis to the insf-mf-mroiis orientation of the ecliptic, the V'LBI 
determination of the precession would surpass the optical in a few years, 
despite the fai longer span of the optical observations VLBI can also be 
used to determine the orientation of the ecliptic (the earth's orbit.il plane) 
with respect to the frame formed by the cxtragalactic sources. The method 
requires point sources of radiation on or near other planets such as could 
lie provided by the radio transponders on spacecraft landers or orbiters. 
Sets of dilTcrential VLBI observations of such spacecraft and cxtragalactic 
sources that at times lie nearly along the same line of sight can be used to 
infer the orientations of the orbital planes of the eailh and the other planets. 
Obseivations of pulsars can. in addition, be used to dcteimine the orientation 
of the ecliptic with respect to the earth’s equator.'® 

There are a number of geophysical en'ects. most as yet poorly understood, 
that cause variations in the length of the day and in the orientation of the 
earth’s crust with resircct to its axis of rotation. These two types of changes 
arc usually referred to as variations in universal tunc (UTI) and pt>lar 
motion. Measurements of U1 1 and polar motion can be made with VLBI 
because of their ctlccts on the baseline vector: The direction (but not the 
length!) of this vector will be changed. This dfect of UTI and polar motion 
on the baseline contrasts with the clVcct of precession and nutation whidi 
cause an apparent change in the direction of the sources. Since the direction 
of a vector can be described by only two parameters, it is not possible to 
determine variations in UTI and both components of polar motion using 
only a single two-element interferometer. 

Variations in UTI and in one component of polar motion have Ixrcn 


" I. I, Shapiro, Tran\. Anu-r. C,opliy\. Uii 51. 26r> (1970) 
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determined with VLRI from a series of observations with the two-eli-mcnt 
Gold.stack interferometer. Since this interferometer has a scry small 
North-South component, the changes in I'TI affected mainly the rijihi 
ascension, or hour angle, of the baseline, and the changes in poiai nioiiuo 
affected mainly the declination, The accuracies achieved seem to have 
surpassed tliosc attained sia conventional optical techniques. 

The tidal bulges raised on the earth by the moon and sun also affect the 
baseline, both directly and indirectly, through changes in the earth's orienta- 
tion caused, for example, by the effect of torques exerted on the bulge. The 
largest effect is due to the semidiurnal tidal component which can introduce 
a maximum offset in the baseline of an amplitude of several tens of centi- 
meters. This eomponciU has apparently already been detected from analysis 
of VI. HI observations but the measurements arc not yet accurate enough 
to deduce a useful value for the relevant love nurnbeis. The effects of lateral 
inhomogcncities in the earth, and of (Kcan heading on ‘.he solid-earth tides, 
should both be accessible for study with suitable placement of the inter 
ferometer elements and with incicased accuracy in the measurements and 
in the calibration of the propagation medium. 

The vector baselines have been determined by the VLHI technique lor 
sites separated by distances of from 845 up to 8000 km. ® and also for 
sites separated by distances of 16 km^^and less Ihrcc-site “closure" experi- 
ments were also performed over transcontinental distances.' The accuracies 
achieved on the short baselines, on the order of 5 cm in length, are nearly 
sunicient for monitoring .accurately crustal motions across faults. The baseline 
accuracies achieved over the transcontinental and intercontinental distance' 
were 20cm or woisc, dc(>ending on the signal-to-noisc ratio available lot 
the different interferometers used. The lower limit was actually set by 
systematic errors that can l>e. but have not yet been, sharply reduced by 
the use of appropriate calibration techniques (sec .Section 5.6.2). 

To make important contributions to the measurement of ciiistal distoi 
tions. or plate tectonics, one must reduce the errors in baseline detciiniiiatnm 
to the centimeter level through calibration and increases in signal-to-noise 
ratios. The calibration of the propagation medium is only a problem in 
regard to the neutral atmuspherc; all other but the clock effects on the 
VLBI measurements can be consideicd as "signal" for the purposes of this 
chapter. Increases in signal-to-noise ratios seem most readily obtainable by 
the use of wideband iiistriimentation recorders.*' which could proviile a 
.SO Mil/ or greater bandwirltli compared with the 360 klU or less useil in the 

I I. Sl.apirorr <//. Scieiicf IK6. 9;0tm74| 

J. n. Tlioinas. J. L. t ansclow I’ K Mjenuian, 17. J. Spil/mcsscr. and I SLjerve. Jcl 
I’ropulsion laih Tcth Rep. .X2-ISi<>. p .'li (19741. 

" H I llinleieKgcr, I’h.l). I Ik'sis. Uepl. Pl IMi)s.. Mass.achuy.tlj li(\l of Tcclmol 
( 197 :>. 
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experiments described above. When such improved systems come into use, 
a new era could begin in our understanding of the fine structure of the 
earth’s crustal motions and in elucidating, for example, the possible relations 
of strain accumulation in the crust and pol.ir motion to earthquakes and 
earthquake prediction. 
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Accurate poiilions of compact radio aourcca have been dcierniined from very-long baarline intcrrcromciry 
(VLBIl obaervaliona baaed on the bandtaidih-aynthetia technique. The coordinatca fur 18 eatragalactic aourcca 
were obtained from acta of obaervationa apread over the period from April 1972 to January I97S; the U'attcr 
among the independent determinations ol the source couidinates from the separate seta of obaervationa is about 
0*05, except fur the declinations of ncai-cquaturial sources where the Kattcr is about OTIS. Comparison of 
our positions with those determined with the Cambridge }-km radio interferometer shows the rms scatter about 
the mean difference to he about 0"04 in each coorHinste fn" SMirrc* „f low Hecl'iiation were in commor ) A 
similar comparison of our results with those obtained by the Jet Propulsion Laboratory from separate VLBI 
observations yields a slightly larger rms scatter, after exclusion of the declinations of the near-equatorial sources. 
We also obtained a [Hisiliiin fir the Galactic object, /} Persci (Algol), wi,u h agrees well with the position given 
in the FK 4 catalogue: Ao(Vl HI - FK4)- -(TOOl a Cm07 and A6- -0 ’ 12 a0’09 


iNTRotnmos 

O BSERVATION of compact cxlragalactic radio 
>ourccs via ihc technique of vcry-long-baselinc 
inter -Tomelry (Vl.HI) offers the po.s.sibility lo form an 
exerrilent approximalion to an inertial frame through 
pri c determination of the relative positions of such 
sources. VI. Bl holds ihc potential for the reduction of 
the f icertainty in these detcrminalions to the milli- 
sec*'ii l-of-arc level. Bin the results published to dale (see, 
c.g . ( ihen and Shaffer 1971; llintercggeref o/. 1972: 
Coi 1972: Ropers ef at. 1973), although showing 
sle.id\ improvement down loan uncertainty level of a 
lentil .if a second of arc, clearly fall well short of this 
glKlI. 

Mere we report results from an extended scries of 
\ L.isi obseivaiiuns that yielded an additional twolold 
im; emeiii: The coordinates of 18 compact extraga- 
lactic i.idio sources were delcrinincd with an uncertainty 
III each cooiuioale of about 0.U5, except for the decli- 
nation of near-equatorial sources for which the uncer- 
tainty Is about 'hreefoid greater. 

A i niquc aspect of the present work is the determi- 
nalb I Irom VLBI observations of the coordinates of the 
Galactic .source d Persci (Algol), a fundamental star in 
the I r 4 catalogue ( Fricke and Kopff 1 963). f his result 


allows the VLBI positions to be related directly to ih^ 
stellar reference system. 

I OHM HVATION.S ANODA I A Rl DU riON 

Source positions were determined from 18 separate 
sels of observations dislribiiled between April :‘*72 an 
.lanuary 1975. Each .set spanned one to four days and 
involved two, three, or four of the following five anieiin.i 
systems: the J7-m-diameier antenna at the Haystack 
Observalorv in Wi„iford, Massachusetts; the 6J-m 
diaiiieiei antenna of the Jet Propulsion l.alHiralory in 
Goldstone, California; the 43-m-diameler anienn.i o*' the 
National Radio Astronomy Observatory in (ireeii Bank, 
\\ est Virginia; the 26-m diameter antenna of the Na- 
tional Oceanic and Atmospheric Agency in Gilmor.- 
( reek. Alaska; and the 26-m-diamcter antenna of the 
(lia I liters I niversity of lechnology in Ons.ila, Swe 
den 

All observations were made at radio fn-quencies near 
78.^0 Mil/ (A eat 3.8 cm) with left-circular polarization 
(I ELI* definition), and were recorded using the Mark 
I system (Cl irk t i al. 1968). The duration of an indi- 
vidual observation was 3 min. A hvdrogeri-maser tre- 
queiicy standard was used at each site for each set of 
•villi only a few exceptions. I he b.u d- 


ohserv,ilH’" 
599 


70 


ORIGINAL PAGE iS 
OF POOR QUALITY 

( » AKK HI A!.. 


Taui.F I I'oMUimtur PxttuKaUultc railHi H>uicr< from VI Ml obtcivatlon« 






lllipile 


1 llipllc 

S'tiiihri ii( 

‘ nirce 

Kight avirnsiun (1150.0) 

alH'traliiin* 

De.linaliiin lllSO 0| 

alw-rralii»n» 

■.-ilutK-ns*' 

.H 81 

yh|(,iti29»55n.ns002‘’ 

Ovotl 

41 I1'5l':61t0"07s- 

0 lb 

1 : 

NK M) 140 

3 

33 

22.3H6IO002 

n 018 

32 08 16 44tO 07 

n II 

- 

( 1 .V :6 

3 

3b 

58 137-0.002 

0.0 lb 

-01 56 I6 .71f0 20 

0 04 

i 

.NUAO 150 

3 

55 

45 2.15 Ml 004 

0 027 

.50 41 20 1 ltO.04 

0 16 

8 

Jf 1 >0 

4 

30 

31 .58610.003 

0.011 

05 14 59 41i0 11 

II 01 

14 

I'l 7 

8 

SI 

57 .231 10 003 

0 021 

20 17 58 .45-0 .07 

II 111 

|1 

4» .' 1.25 

9 

23 

55.297-0 004 

0,023 

31 15 23 73iO 03 

0.16 

II. 

-K 27. IH 

12 

26 

33 24(iJ 

0 IKI2 

02 11 43 3li0 13 

0 04 

18 

.TC 2'9 

12 

53 

35 8.14M) 002 

0 IHH 

05 31 07 11-0 14 

0 (III 

1 

0-1 '8 

14 

04 

45 .625-0 001 

II 001 

28 41 21 4 111) 05 

0 18 

c 

0 2 2 

14 

42 

50 416-0 020 

0 III 1 

to II 12.53-1 36 

0 08 

1 

NRAv) 512 

16 

3H 

48 111-0 (M)I 

- 0 025 

.31 52 .30 23tO.OI 

0 14 

4 

Jf .145 

16 

41 

17 .635 1 0 1812 

-0 02A 

31 54 to 16 1 0.04 

(1.13 

15 

.!< 4 1 H 

20 

37 

07 .410-0 006 

0 032 

SI 08 35 bbiO 03 

0 1 1 

6 

fK8 21.14100 

21 

34 

05 .226(0 mil 

0.hl7 

(HI 28 25 .03-0 23 

0 (11 

14 

VKO 42 22.01 

22 

on 

.11 iHSiOOOA 

0 020 

42 02 08 40tU 04 

0 IS 

16 

' 1 A 102 

22 

30 

07 .8J7iO OOb 

0.013 

11 28 22 41-0 51 

0 .01 


.0 IM 3 

IS 

51 

21 5 31-0 001 

n 01 1 

15 52 < l 24-0 ll» 

0 05 

14 

* 1 liv adUiliiin Ui out 

rcMliA ill (hew V ' 

iiv (i| rll!|i>i. ilK-rrati-ii 

jll.iws ilirfd >nni|iaiiv«>n 

wi(h f-'-Mit. n* -1 

lien In 3 , 


«ilh ainvi'nlliiiul prjiluT in opiu-al atlronati) . 

**l'.uh «>liilion w.isHavil on llu- d.ila from a nnclf e\ptTmu-nl of ilurjiion I 4 d.iyv 

'Tlic uncctuintict iiivi'ii tcprcwnt Ihc ro<i|-«pi|>hti-d-im-an-«|uarc liin»l >pu'jd ni ihc mdnidual vilulioiu alHmt ' cnliii-it 
mi'un. except ulien onl> one uiliition Mas available In thrxe laller catet. Ihe uncertuiiiliet repteveni Iwiec the li : .(anJarit 

eiroit which in turn are bjvcd on tcalinit the rim of the pvivllil irvidualv lo unity 
<*1hi< value definev the oiiyin of iiitht avcenvmn ami iv tiavei! on ihe leuilt lor the liplil aveenvion ol .W J7.1II oln.nned In 11 irjrd 
ft e/..l‘»7l». 


vvidih-xynihe.sis icdinii|uc. as in our prior work (llinl- 
crcjiticr ft at. 1972; Kojiers «■/ al. 1973), was used 
•’ iph'iu! 1 he precise dales of the observations and 
detailed information on ihccquipmciu iisetl arc given by 

U I. .f■l^^>p f lOfS) 

The data-rediielion proeetlures used to obtain the 
p delay and the rr'nf rate fronKv..'- pair ■' 

I recordings were as outlined b> Rogers ef al. ( 1973) and 
ftirihcr described by W hilney <•/ n/ ( I97fi). 1 he aleo- 
rii IS and computer programs used in the csiimati"fi 
ivf I' source posiiiitns from the group delays and fringe 
i.i k arc given in Robertson ( 1975). Typically, ftir each 
set r data, we used a weighted-leasl-squares estimator 
lo . lermine ihe values for the three components of each 
indc|vndent baseline, the clock epoch- and raic-ofiset 
p;ir.'mctcrs for each day for each baseline. Ihe zenith 
e' '■ical path length of the atmosphere for e.icli site f •' 
eaea day. and the coordinates of the relevant sources 
Abb iiph both the group delays and the fringe rale's were 
ui dm the analysis to determine soutce po.iiioiis. Ihe 
fringe rales have, in all but one instance, only an insig- 
nifi nl effc'Cl on our results. The rate data will therefore 
K 'c'ly Ignored in subsequent discussion 

II HI SI ITS AND IMS* I SSIOS 

l'i the first part (»f this section, we discuss, in turn, the 
p. ns we obtained for extragalaeiie sourees. the er- 
tint 'led uncertainties in these determinations, and Ihe 
Co -isrsns Ivlwecn our positiims and ih' ise dcicrii'iuc.l 
imlcoeiuicnlly with different radio interferometric 
|i iue> In Ihc second part, we pre'sen <iui rs-suli I >r 
Ihe ivisiiion of Algol and compare it with the I K4 p.isi- 


Our estimates of the positions of Ihe IK observed ex- 
ir.igalaciicsourccsarcgalheredinlable I f7,vi; iii,ms 
were determined with respect lo the equ iior il d.ite. 
whereas right ascensions were determined v'i!' -c p^'ct 
loan orii’in defined by the value given in 1 able . I’oi 3(‘ 
273H I he source ciKirdinates. with the effeclsof elliptic 
•ibiTniii'P remi” "I, were referred back lo Ihc mean 
cqu.itor and equinox of 1950,0 via the standard formulas 
for precession and nutation. 

I he values shown in Table I for the source c. ■ 
nates, with the exceptions to be discussed below, c ich 
rcpieseiil the weighted mean of the .•slimates dciei •lii. 
separately from the independent sets of observ iiions, I he 
number A of such inde|vndenl estimates is given ',vr 
each source in the last column of I.ible I I or \ * .. 
each uncertainty shown in Table I is the rmu- 
weighled-mcan-squarc (rms) scatter alvotil the v' <g| led 
mean of ihe estimates from the iiulcpendcni set' ol «>o- 
servalions. Thus, the uncertainty given is not ihc sian 
d ird error of the weighted mean which wmild Iv sina'Ier 
bv Ihc factor (.% — I Because of ihedomi' iiue .if 
sysicmalie errors in the individual results, a.s diseus.xcd 
heluw, the quoted unecrlaintiev are more reliable i’’di- 
calors of the “true" 70‘ib confidence limits on oiir ei'T- 
dinalc determinations. 

The rms scalier estimates of uncerluinty given in the 
table can he contrasted with corresponding ones b.is' d 
.111 ihe post fit residu.ils or on the signal-lo-iMis. r.ii . 
achieved in individual obsen alums. An rms scatter result 
was typically found lo be ab.iul twice the form.. I m • 
dard error that correspondeU loa value of unity foi me 
weighted postfit residuals of the group d '..i fn t 
single experiment Ihe achievement of ilr if 

u lily, on the other hand, lypie .lly equired a c. uUong 
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of i ,c uiiccrluinticii expected on the ba^ix of the i>i}:nal- 
to-noi>c ratios for individual measurement.s of group 
dehns. 

■’rends often present in the p*tsllil residuals (Kob- 
erison l')75) for a given source arc als.) ind'cative of the 
inP cnee of systematic errors and lend further supivul 
to I ir choice of the rms scatter uncertainis over either 
the twofold smaller formal standard error or the fourfold 
sn ler one based on the signal-to-noisc ratios Irom the 
me. airemcnls. The causes »rf such systematic errors are 
presumably combinations «rf the effects of the instabili- 
ties of the frequency standards employed, the variations 
in the propagation medium, and the drifts in the phase 
responses of the receiver systems. It was not ixissible to 
pinpoint the contributions from each cause for e.ich set 
ol oservations. I lowcver, in srrme of the sets of obser- 
vations, the effects of long-term (on the order of hotirsi 
clock “wander" were unmistakable. In analy/ing data 
from sites so affected, we therefore made use of a dif- 
ferencing technique (S iapiro cl al 1974. Robertson 
197.5) in which the group delays from neighboring ob- 
servations were subtracted to form new observables that 
were effectively freed from the long-term eomiKmenls 
of the clock drifts. 

I or the sources observed in only one set of observa- 
tions(.\ ■ I ). the rius-scattcr .ipi'roach to the estimate 
of the errors in the coordinates is clearly inappiopnate. 
In order to place the uncertainties in the estimates ol the 
cooidinates for these sources on a basis comparable to 
the uncertainties given for the ciKirdirates of the other 
souiccs. we multiplied the formal standard errors by 2 
(.see above). We also note that for the single sou ce f u 
which /V * 2. the rms scatter was. respect ively. some- 
what less and somewhat greater than twice the average 
formal standard error in right ascension and declin.i- 
tion 

. •verall, we note that for It of the 17 sources the 
iiiK-Tlainties in the right-ascension coordinates are under 
(I. I and in only one case W'as 0. 1 reached or exceeded: 
for that source. OQ 172, only a single 3-min observation 
h.iJ ocen made. (Thus, in this case, and only in this case, 
the fringe rate played an important role.) With regard 

'0 the d^.ll!ui>i....j, eigll. . iltc. 1'' .11^.....,. ...t... 

th.in or equal to ().'()5.of the other ten unccriaintics. three 
are l'07 and five are two- or threefold higher due pri- 
marily to the declinations being 5“ or under in absolute 
val :. The renwining two larger uncertainties are for OQ 
172. observed only once, and lor Cl . A 102 winch was 
ob rved in only one set of obiervations and has a dcc- 
lin.iiion of only 1 1“. 

I le accuracy ol these delcrminations of relative p«i- 
siti ns does not seem to h.ivc been degraded by errors in 
the -lundard expressions fur precession and nutation. 
Arc engths between the positions of pairs of sources re- 
main invariant under rotations of the c<Hirdinalc system 
and ibcsc arclengths. for the selected cases investigated, 
sho ■ cd rms scatters consistent with those exhibited by 
the individ'.,: ' ' l>r >rs i" p- • n . 


I AHI.r It Ci>inparicuii <■! VI III 4ii<l ( .i iiiUi id|ic' .S t.m 
mtrrtrrxnii'K'r* povilKinv lui rxUj|i.<Uiiit' rsdiu «>uirrv 


^olVt KI C'iiiihiid«el Ar iVl HI ('smhiti1i;rl 
-Siiuic* IDVMIl I 10 ol I 


3CR4 

7 

8 

NKAO tan 

2 

R 

OJ 2H7 

3 

25 •’ 

4C 39 25 

(1 

1 

(HJ 208 

1 

4 

NRArt5t2 

r< 

II 

3( .345 

8 

1 

VRO42.22 0I 

5 

5 

rrA 102 

21*’ 

R 

.3C 454 3 

12 

l< 


•I Ivniorfiind Rylo lt‘>75l 
lest toi diuuwioii 


nutation would m any event affect our results only in- 
sofar as the ernus in the g ■ •cx-ssion and nutation changetl 
during the approximalciv 3-yr peiuKl covered by our 
observations I rrors involved in the iranslorinaiion to 
1950.0 ciKvrdinalcs can be removed simply by trans- 
forming back to the coriespondint’ Ciwidinaic system lor 
an epoch, s;iy. al the inidis'Int ufoiii olvscivatiun period. 
Of couisc, al any time when more accurate expressions 
foi ihe preccssior ind nutation become avail.ible. the 
data can be repriKcssed and all effects of such errors 
llicrrbv reiiu ved. Any inad" I'.acics in our mukIcIs for 
pol.ir iimlion and L I .1 arc ummporl.ini lor the deter- 
mination of source p‘>‘ilions since wc solved mdepen- 
denlly for the baseline c(x>rdinales from each set of ob- 
servations. Only the very small ch.inges in the errors in 
our nuHlels for p»»l.ir inoiion and I 'T I over the course 
I r .1 sing!'' of d .rvali.M.s affect our results for source 
positions. 

('oinparison of the coordinate' shown in Table I with 
those we re(H>ticd previously b - 1 tif the same extr.i- 
ga lac lie sources ( Rogers cl ill >973) shows the agree- 
ment to be very giKid. I he ilh '. were less than, or 
coiopariible to, the root .>uoi m ari - 1 rsst ol the quoted 
imecri.iinlics in :ill eases I it i i I ilie dulin ilion ol 
3C I 20. for which Ihediffcrenee "as .ilxmt 1 .4 limes the 
rvsof the uneerla in tic's. ( )l c.'urss'. in .Ir.iw mg conclusions 
Irom this pood agreement, one niiisi bear in mind iliai 

second includes miisi of the data from the firsi 

The most accurate published values for the positions 
of evlr.ig.dactic radio »iuicc.<, uilici ih.in ours, are 
probably those of |:lsmore .ind " v le ( 1 975(. \\ c there- 
fore coinp.ired our positions with theirs for the ten 
sources that were in common in ''u iw.iscis. I'his com- 
parison is displayed in I able II lu aciectneni isgixxl 
m almost all cases. The disagiecment Ivtwecn the dec- 
linations obtained for 0.1 2K7 is surprisingly large, ulxjut 
threefold larger than the rss of the uncertainties given 
for each. F urthermore. in n t on u i 13 inilc|X:ndcni 
determinations did the declination even reach 
O’O.^ of the Cambridge value ( )nc 'nu ht 'Uspeci that this 
dilfcrence is due to a genuine difleiei e between >he 
c 'ler . '■'' i, ' ! M,-- 
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>urcc as vioscd by inlcrfcromctcrs of resolving fKiwcrs 
diifcring by .1 factor of order I0(M). However, militating 
against such a possibility is our result (Wiiiels ri al. 
I*i75) that OJ 2X7 is almost completely unresolved, 
vK'Iding typically a normalized fringe amplitude of about 
0 *7 with our interferometers. Conceivably, the dilTcrcncc 
might be due inst.rati ,ir in part, to the difference in radio 
frcrjiiencies employed; the Cambridge group observed 
' at a frequencs of abtiut CiMz as compared with our X 
II/, Perhaps most likely, the uncertainty assigned by 
,.i least one of the two groups has Ixren undcrcstimat* 
ed 

file only other coordinate value represented in Table 
II differing by as much as three times the rss of the 
uncertainties is the right ascension of Cl A 10?. but here 
ii"v conclusion must be constrained by the fact that we 
li.ivconlv one inilcpendcnt VI. HI determination. 

Omitting from consideration the decimaiion of ( M 2X7 
and the nglil ascension of C I \ I ('2. we omputed the 
wciglitcvl mean of tlie differences between the VI HI .hkJ 
the Cambridge coordinates and obtained "* 

AofVI.BI - Cambridge) » O'OOh O.OS. 

A5(\ LHI - Cambridge) ”sr -0.02. 

7 he bias between the right ascension values may be due. 
at least in part, to different definitions of origin. Hsmorc 
and Ryle (l')75)^cil the right ascension of Algol to 
define the origin* their system. The uncertainty of 
about 0.()‘> in our rgph' determination of .Algol's right 
ascension, given bciw. is consistent with this interpre- 
tation of the bias. The bias between the declination 
lilies is clearly insignificant for the present level of 
accuracy and sample size 

VNith the right ascension bias remou-d. and still 
omitting oci \1112 and Aoi:m 7 . we find that the root- 
's ghted-mean-square dillerences in Jio cos h and So 
a.< 

So cos 0) St O'fKIj ^ 0. 04. 

<t(Sh) 0,'tl4. 

in iccord with the uncertainties given for the individual 
eMimates. 

Anoiher comparison was made with thn results 
(I ir.sclow l‘)7.7) obtained indepcndemly at the Jet 
I'l pulsion Laboratory from V'l Bl observations made 
at i radio frequency of about 2.3 (ill/. I hcse observa- 
t> IS, however, involved only fringe-rate data w hich are 
verv insensitive to declin.itions for near-equativrial 
soi Tccs. we therefore restricted our comparison of the 
dc' linations to those evcceding 10®. Tor the nine sources 
in ommon. and the seven declinations exceeding 10®. 
wi iblaincd 

Ai.fXGMz - 2.3 GHz) ~ 0?(M)2 0.'02, 

A?(KCjHz-2..U;Hz) ^ O.'OI, 

am' 


t:i .1/.. 


TAni.F. Ill Poviliitn of Galacllt radio tourer p Pcrsri lAUoli 
from VI HI otitcrvsliont 
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02017 
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• I hr addillon o( the fllipllr .iherralsm to our irtullt yiilds 
valurt euni(vUbl(- with ihr tonvrnlional praelKv in uplicjl jv 
liomcltv. 

t’Ihe tuhiraiihin ol these values of proper motion were uwd 
in Ihe ronvctsion of our If7.< n4 potllion for Alirol lu the 
1450.0 posilton riven m lire Ubic. 

01,3(1 Cos f>) » 0*(X)4 ar 0.0(>, 

(t(AA) ar 0.'()5. 

where ihcse quantities wcic calculated as for the eom- 
p.irison ol our results with those of i Ismore and Ryle. 
\3c note ih.il the Jet Propulsion l.alviratory vvlulion for 
Ihe source eiHirdi nates ineorivoraled. as ,1 pruni con- 
straints. the corresponding »tpiic.-rl posilirsns anrf their 
uncertainties, thus yielding an origin for Ihe right as- 
cension cvHirdinale dilfereni in principle fiom ours 7 he 
sm.ill average dilferenee obtained in the comp.irison may 
therefore be somewhat fortuitous Similarly, the mean 
differeiiee in the declination values is smaller than could 
be expected on the basis of the uncertainties in our in- 
dividual determinations. The rms scatter for the com- 
pari.son of right ascensions is also smaller than the value 
cxiK'clcd from the uncertainties aecompanying the Jet 
l*ropulsion I abvvralory's individual estimates On the 
other hand, the rms scatter for Ihe comparison of deeh- 
nalions is close to the value expected. 

In addition to the determination of the |Hisiiions of 
cxtrag.ilaelic sources, we also obtained a result for the 
(ialactic radio s->urce d Persei ( Algol). Ihis source, 
which Hares from time to lime (lljellming l‘772), was 
delectable during our scheduled observations in mid- 
January 1975 and allowed us to make useful VI HI ob- 
servations over a peri(xl of about X h (Clark cf ol. I97f>) 
Ihe values we ublaiiK*d for the right .tseension and 
declination arc given in Table III with the basis for the 
quoted uncertainties Ivcing as described above for ,A • 
I. Comparison with Ihe I K4 catalogue position (Lrickc 
and kopfl I9f>3) for Algol yields 

Ao(VLHI - I K4) » -O-OOI ± O.W. 
A<)(Vl.m - I K4) - ~0.'I2 ± 0,'()9. 

where the quoted uncertainties include contributions 
from Ihe random errors in the i'K4 catalogue position 
as given by r-rickc and Kopff ( |9o3). Since the mote 
disi.inl companion AlgcdC was .scfuralcd by only 0.06 
from the clivsc binary pair .Algol .\B. during our obser- 
vations (B.ichmann and llcrshey 1975), we could tiol 
determine the origin of the radio flare within the Algol 
system. However, Ryle and l-lsmorc (1973) concluded 
from four separate determinations of the position o( 
Algo! that the close pair AB was the source of the radio 
emis.ion. 
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Our results for the position of Algol therefore indicate 
tin' It least to within 0‘l, our choice of origin for the 
rii’ht ascension coordinate is consistent with that of the 
I K4 catalogue. 
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VLBI Clock Synchronization 

C. C. COUNSEl.MAN. III. I. I. SHAPIRO. A E. E. ROGERS, 
H. F. HINTEREGGER. C. A. KNIGHT. A. R. WHIT-VEY. 

AND T. A. CLARK 

Abfiracr- Atomic clocks at widely Mpirated sites can be synchronized 
to within aeveral nanoseconds from a few minutes of veiy -long-baseline 
interferometry (VLBI) observations, and to within one nanosecond 
from several hours of such observations. 

l\iai>ui'ciioN 

The use of satellites for the accurate synchronization of remote 
clocks has been reviewed recently by Easton tt al. [1], We wish to 
call attention to a ground-based passive radio technique-very-long- 
baseline interferometry (VLBI) -capable of at least equal accuracy. 

TMHMort 

Time and frequency comparisons between widely-separated sites 
can be accomplished by VLBI through simultaneous observations at 
these sites of compact extragalactic radio sources. The signals received 
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are converted at each site to low frequencies, sampled, and, in present 
systems, recorded on magnetic tape, with the frequency-conversion and 
the sampling being governed by an atomic clock (2) . 

The tapes are brought together and each pair, from the observations 
of a given source, it cross-correlated to estimate the difference, and its 
rate of change, between the times indicated by the clocks at the two 
sites at the instants the same signal was received. A set of these delay 
and delay-rate estimates from observations of several sources is analyzed 
to determine the relative positions of the receiving antennas, the direc- 
tions to the sources, the rotation of the earth, and the epoch and rate 
differences between the clocks. 

The results for epoch differences obtairurd from our many transcon- 
tinental and intercontinental VLBI e.xperiments have been oiily nominal 
because we never measured the approximately constant delays suffered 
by the signals in passing through the antennas, receivers, and recording 
systems. Differences between these delays at any two sites were thus 
indistirsguishable from clock epoch differences and were lumped in with 
these in the analyses. (The “absolute" accuracy of our results for rate 
differences, on the other hand, has been limited primarily by the in- 
stabilities of the atomic clocks.) Recently we developed a system for 
measuring directly and continuously, and to within a few picoseconds, 
the delay between the output of the antenna’s feed and the site clock 
|2] . The remainder of the system delay, associated with the antenna 
feed and reflector geometry, is stable and can be either measured or 
calculated with subnanosecond accuracy. Alternatively, with a trans- 
portable antenna and receiver system, one could perform a separate 
short-baseline experiment at each site to determine once and for all 
the differences between the antenna and feed delays at the various 
sites [3]. With these system delays calibrated, VLBI can be used to 
synchronize clocks. 

If scveral-nanosccond accuracy is desired, then a few minutes of 
VLBI observations, and an equal length of time for analysis, are 
sufficient provided antenna positions and source directioru have been 
determined previously. Tape transportation requirements delay the 
result for up to several days; however, in an operational system, 
results could be obtained almost immediately by the use of telecom- 
munications links to relay the necessary data-about 10* bits. To ob- 
tain subnanosecond accuracy in synchronization by VLBI, a few hours 
of observation are needed, primarily because the variations in the earth’s 
rotation must then be estimated simultaneously with the clock- 
synchronization parameters [4] . 


source and the relative positions of the antennas having been determined 
in previous experiments (3) . A portable rubidium clock, carried three 
times between the sites, provided an independent external determination 
of the epoch offset. The difference between the means of the VLBI 
and the traveling-clock results was 9 ± 11 ns, about 10 ns of the esti- 
mated uncertainty being associated with the rubidium clock. A more 
(lefmitive test of epoch synchronization capability, with a portable clock 
of much better stability, it obviously desired. Nevertheless, the result 
of this experiment, coupled with our transcontinental-baseline results, 
indicates that VLBI can be used to synchronize clocks over distances of 
several thousand kilometers with errors at the nanosecond level. Further, 
we know of no reason why the uncertainty could not be reduced to the 
tenth-nanosecond level (S) . Two points ^ould be emphasized: (i) The 
clocks need not be hydrogen masers, although, of course, the accuracy 
of the synchronization wdl be limited by the stability of the standards 
used; and (ii) The clocks need not be nearly synchronized ab initio; the 
VLBI method can be used with the clocks many seconds from synchro- 
nization with the only penalty being a small increase in the data- 
processing time. 
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ExPERI.VtF.NTS 

The potential accuracy of VLBI for clock epoch and rate comparisons 
is demonstrated by results from long- and ^ort-baseline experiments. 
To show the accuracy obtainable from a few minutes of observations 
on a long baseline, we considered the set of nearly 200 delay estimates, 
each obtained from a single pair of 3-min tape recordings that we made 
simultaneously at the Haystack anteniu in Massachusetts and the 
Goldstone antenna in C^alifornia during 24 h on the 29lh and 30th of 
August, 1972 (4). These estimates were compared with predictions 
based solely on our other knowledge of antenna positions, source 
directions, etc. The differences scattered by 2 ns (rms) about a straight 
line: the intercept and slope correspond, respectively, to the epoch and 
average rate differences between the hydrogen-maser clocks that were 
used at these sites. This rms scatter indicates the accuracy in epoch 
synchronization achievable with only a few minutes of data. 

To show the improved accuracy obtainable with a few hours of data, 
we divided the data from this experiment into two, diqoint, 1 2-h sets. 
From each set separately we estimated two earth-rotation parameters, 
the clock epoch difference at the “boundary” time, and the average 
clock rate difference over the respective 1 2-h period. The epoch esti- 
mates differed by 0.7 ±0.8 ns, and the rate estimates by (1.1 ±0.3) X 
10~". The latter result is about at the level of stability then achieved 
by the hydrogen masers. The uncertainties quoted in both cases are 
formal standard deviations. 

The epoch offset results from these long baseline experiments are only 
relative due to the lack of system delay calibration, discussed above. 
To demonstrate ebsolute epoch synchronization we conducted an ex- 
periment in February 1977 between two Haystack Observatory antennas 
1.24 km apart. Here we measured the delay between the output of 
each antenna's feed and the hydrogen maser clock and calculated from 
the physical dimensions the additional delay associated with each an- 
tenna’s feed and reflectors. For epoch comparison, three observations 
were made of the radio source 3C 273B, with the direction to this 
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1 he 1.24-km baw; line veclor bclwcen llie lv>o aiuennas of the Ha)slacH Observatory was determined 
from X hand radio inter feromelnc observations of extragalaelic sources via a new method that ulili/es the 
precision inherent in fringe phase measurements. This method was employed in 1 1 separate experiments 
distributed between October 1974 and Januaiy 1976. each being between about 5 and 20 hoiiis in 
duration 1 he rms scatters about the means for the vertical and the two horizontal components of the base 
line obtained from the 1 1 independent determinations were 7. 5. and 3 mm. respectively . The correspond- 
ing scatter lor the base line length was } mm: the mean differed from the result obtained in a conventional 
survey by » mm. well within the 20-mm uncertainty of the survey (The determination of the direction 
from the survey was too crude to be useful. I Another external check on our dati was possible, since the 
a/imiith and elevation axes of one of the antennas do not intersect but are separated by 318 mm We 
estimated this horizontal offset fro.-n the radio interferometry data and found a ditference of 10 1 9 mm 
from the directly measured value, the relatively large rms scatter being due to the '0.96 corielation 
between the estimate of this offset and that of the vertical Component of the base line Use of a ne ly 
completed calibration system in future experiments .should allow the scatter to be reduced to the 
millimeter level in all coordinates for short base lines. I or lung base lines, such repeatabditv should be 
dccraded only to about the centimeter level if calibrated observations with sufficient sensitivity are made 
simultaneously at two frenuency bands. An assessment of the accuracy of either our present or future base 
line results awaits the availability of an accepted, more accurate, standard for comparison. Nonetheless, 
b.ise line changes can be determined reli.ibly at anv esi hlished love' of repcniib'lcy 


I. Introdlction 

The technique of very long base line interferometry (VLBI) 
has been under development for several years to enable vector 
base lines tc be determined between arbitrary points on the 
earth's crust from observations of cxtrugalactic radio sources 
{Shapiro I. Kiiiglil. 1970. Hinteregger yt nl . 1971, 1972: Sha- 
piro ft al . 1974: Thomas cl al.. 1976; Otig el al.. 1976). .A majot 
goal of this continuing effort is to reduce the uncertainty in 
such determinations to the millimeter level for short base lines 
and to the ctniimeler level for intercontinental base lines, the 
ohserv jii.snc extending over about 8 hours or somew hat less in 
each case W ■ have rceenily used radio inicrferomeirv to dcier- 
mine. in I separate experiments, the rather short 1.24-km 
base line between the Haystack and V\ csilord antennas of the 
Haystack )‘'scrva!ory in Wcsilord. Massachusetts Our pur- 
pose was i». ‘iild: ( I ) to dcmonsiraic the effectiveness of a new 
melhvid t we developed to use measiiremcnis of group 
delays (see. lor example. Shapiro (1976)) to eliminate the ‘2ir‘ 
ambigiiiii n the far more precise measurements of phase 
delays, so ih.ii the latter could Ivc employed for the determina- 
tion of III h ISC line and (2) to separate, to a high degree, the 
purely iiiso .rncntal coniribulions to the errors in the base line 
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estimates from all other contributions, such as those caused by 
inadequacies in our model of the propagation medium. 

2. DtSCRIPriON ni EHPfcRIMKMS 

In 1 able I we show the relevant parameters of the antennas 
and receivers used. The remainder of the interferometer system 
was the same as is described by H'hiiney el al. (1976). At 
Haystack the X band (/ > 7850 MHz) signals received from 
the e\tr,igaluciic radio sources were converted to base band 
(0-.360 kHz), clipped, sampled, and recorded digit.dly on mag- 
netic tape. The same procedure was followed al West ford 
except that the intermediate frequency signals were carried by 
a sufficiently stable cable to Haystack, where, solely for conve- 
nience. the final operations on the .vignals were performed The 
local oscillators used in the frcquciicv conversions were 
switched over about a lOO-MHz range in order to obtain 
adequate croup delay resolution. The group and the phase 
delays thrvvugh each receiving system were monitored continu- 
ously by injecting a low-level calibration signal, derived di- 
rectly front the local frequency standard, into the receiver 
'front end.' UnforiunalcTy, cable measurement systems to 
monitor the variations in the delays of the calibration signals 
incurred between the Ircqueiic) standards on the giound and 
the receiver front ends on the antennas were not available for 
these experiments. These variations were due to a comhir.aii ui 
of flexure and temperature clfects. .Allhviugh each type vtf cff'-cT 
can introduce variations of about I cm in electrical pub 
length. Ihc cables on the antennas often suffer r ipid ffcvtirc 
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TABLE I. Antenna and Recei\er Characleriilics 


Antenna 

Diameter, m 

Effective 
Aperture, in’ 

Mount 

Receiver 
System Noise 
Temperature. *K 

llay.slack 

.17 

.SOO 

interseciiiig azimuth and 
elevation axes 

=■75 

Westford 

IK 

125 

elevation axis nlfvei from 
azimuth axis 

a;oo 


elTects, a.' '■.■dated with changes in pointing, whereas the re- 
maining. longer cables undergo slower changes in electrical 
length due nriniarils to temperature variations. 

The enc\ standard used at Haystack was the N.AS-' 

Goddar ice Might Center NP-3 hydrogen maser; at West- 

lord the .Smithsonian Astrophysical Observatory VI.G-I0-P2 
hydrogen maser standard was used. The sensitivities of these 
dilVcrently designed standards to pressure, temperature, and 
magnetic field vaiiations were measured in separate experi- 
ments (It/, 'nrv fi al.. 1975], Under the conditions of Our 
e.xperiments and for the relev.int time intervals of .iboui IIP to 
3 X It/ sfsec below ) the relative frequency stabilities ol the two 
standards were typically of the order of I part in I0“. Of the 
total of II Haystack-We.stford interferometry ex|.icrimcnls 
performed. 5 utilized these two independent frequency stan- 
dards. Unfortunately, owing to an equipment limitation, 
which has since been removed, it w'as not possible to compare 
directly the relative behavior of the two standards in a useful 
manner during these experiments. In six of the last .seven 
experiments the local oscillator signals for the receiver systems 
at both sites were derived from a single hydrogen maser stan- 
dard. in par! to provide a comparison and in part because only 
one standai- was available for the last few experiments These 
'six experiments in some ways resemble conventional radio 
interlerom'-'ric experiments. However, the cables used m con- 
ventional I rferometry to convey the signals from the single 
standard to the interferometer elements arc usually sub- 
stantially ter stabilized than was possible for our expei- 
ments. Ir . case the variations in the electrical path length oi 
the cables . J. in cITcci. to reduce the relative stability of the 
'standard: .he two sites to the order of I part in 10“ over 

the rclev;: c intervals, which were always less than I day 

In this .su. . i.ien, all II experiments were performed with 


independent standards, the relative frequency .stability, how- 
ever, being about an order of magnitude greater lor the experi- 
ments that involved only a single hydrogen maser. The i' 
tivc frequency stability achieved in the latter erpen, le 
about 1 part in 10“ — is. of course, the level of performance lo 
be cxpccicd from the use of separate state-of-the-art hydrogen 
maser standards under controlled environment:!' condiiiops; 
we expect that such performance will indeed be i.oiaincu vt..ii 
the use of separate standards in future N'l.BI cxp.-iimv tv 

In the present interferometry experiments, ohscrv.itioiiv. 
each of 3-min duration, were made alterna'elv of a numb*r nf 
extragalactic radio sources (Table 2). DifTereni. ^ i' n<n dis- 
joint. sets of sources were observed in the dilfeient cvpcri- 
ments, and the schedules of the observations lor Ihe .ommon 
sources differed from one experiment to the next, in each 
experiment the spacing between observations varied from 10 
to 15 min The signals received at the two antenna- were 
recorded at Haystack on separate magnetic tapes, which were 
then immediately cross-correlated to determine the group de- 
lay. the (ambiguous) phase delay, and the phase delay rale. 
The processing for each observation was thus completed be- 
fore the next ob.servation began, and the performance of the 
interferometer was monitored in ‘real time,’ the required nuni- 
ber of magnetic tapes being reduced to two A dcvcripiion of 
the processing algorithms employed is given by If/mne'r (1974) 
and H hi ine\ ei at. [1976]. 

3. Data Analysis 

The analysis of the group and phase delays and of the phase 
delay rates was carried out in two slag.s, prelimiiiar; .t ' 
linal. The preliminary stage was designed to enable the 2ir 
ambiguity in each pha.se delay measurement to remo’ ■ 
This goal was itself reached in two steps. In the hist step the 


TABLE 2. Coordinates of Observed Extragalactic Radio Sources 


Source 

Right Ascension (I4.S0.0) 

Declination ( I9S0 0) 


Hours 

Minutes 

Seconds 

Degrees 

Minulc.s 

SecoiiUs 

3CK4 

.1 

16 

29 55 

41 

19 

51.6 

all 

NRAO l.n 

3 

55 

45.23 

.50 

49 

70 0 

all hut 5 


; 


JI..T 

j 

i4 

79.5 

all hut 4 and 5 

OJ 287 

8 

51 

57.23 

20 

17 

58.4 

1 

4C 39.2 

9 

23 

55 30 

.19 

15 

23.7 

all but 5. 6. and 10 

.1C 27 IB 

12 

26 

1.1 25 

■V 

19 

43. .1 

all hul 1, 5. 6, and 10 

3C .145 

16 

41 

17.63 

39 

. 54 

11.0 

all 

PKS2l1t 'VI 

21 

.14 

5 ?1 

I 

28 

25 0 

1.2. 5.8.'l Old *0 

VR0 4’ 'll 

22 

0 

39.39 

4 ■ 

V 

K 4 

1. 2. and K 

3C 4.54 J 

22 

51 

29.53 

15 

52 

54 2 

all but 3 and 4 


See Riigi-rs ,;/ II^Tt] and Clark ft al (I97ft| 

•The cnlne i this column give the numbers of the cxpcrimenis. ordereil ■■h'linolo icullytsec Table 3). m w huh Ihe voiirce in Ihcuirrcspond 
ing row wa erved ' AH' signifies lhal the source was observed in all c\pcrimeiil». ’all but n and m' indicates that ihe source was observed 
in every expe, cnl except the mb and wlh. 
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fil!. I. Posifil resuluals from the analysis of the (crude) group 
delay mca«urement« from a typical eyperiment The numbers refer to . 
the observed sources in order of increasing right ascension (see Table 
2 ). 


group delays and the (less important) phase delay rales were 
analyzed by weighted least squares to obtain estimates of live 
relevant parameters for each experiment; the three com- 
ponents of the base line vector and the two coetTitienl.s icpre- 
sentine the differences in the epoch and rati settings of the 
independent frequency standards that also served as clocks, or 
lime standards, at the two sites. For the experiments that 
utilized a single frequency standard, epoch and rate par.tmc- 
ters were still utilized because of the unknow n diflerenccs and 
variations m the electrical path lengths from the standard to 
the two antennas, as was discussed in section 2. We will there- 
fore refer '.creafter to differenees in clock behavior even for 
those experiments in which only a single frequency slandaro 
was involved. 

The uncertainties in the measured group delays ranged from 
about 0.1 '1 0.6 ns, primarily because of the limited signal-lo- 
noise ratios available with this system. For the stronger of the 
exlragalaciic radio .sources observed, there was also a sub- 
stantial fr. .lional contribution to the error from instrumental 
effects, du. principally to the aforementioned lack of measure- 
ment of the variations in the electrical path ieiigllis of the 
cables. Po'ii' group dcl.iy residuals from a typical experiment 
arc shown m Figure I. 

The theoretical values for the group delays, based on the 
par.imeter estimates obtained in the weighted least squares 
analysis o' the measured group delays lor each experiment, 
had small, uncertainties as a result of averaging. Thc..c uncer- 
tainties were of the order of 0.15 ns ( > 4.5 cm) eoiiival rro • 
phase uncertainty of somewhat more than 2ir radians foi the 
?.8-cm w. clength of the radio observations. (Recall that 
phase uclay is related to phase via multiplication of the former 
by the (ai ular) radio frequeney of the observations.) 1 he 
difference between the group delay and the phase delav . due 'o 
the dispersive nature of the ionosphere and other plasma be- 
tween SOU! and antenna, appears to be negligible (see secluni 
5) for ihes. .iaysiack-Wesiford inlerreromclrie measurements 
because on the very small differences between the integr.ited 
plasma der . les along the lines of sight from the source to the 
two antennas contribute to the two delay observable- 

Despite ! relative crudity of the group delay solutions ,i 
proved possitile to use them, in the second step of the prelimi- 


nary stage of the analysis, to eliminate the 2ir ambiguities in 
the phase delays lor each experiment scpara'ely describe 
the procedure used, first qualitalively and then o a .■.iluiively 
(see also Hfi\: ri <il |l97.f|). We defined a suitable, albeit ad 
hoc. function of the inherently ambiguous phase measure- 
ments and of then theoretical values duti mined fioiii the 
group delay solution. Vk'e then varied the estimate of the base- 
line vector, upon w hich the theoretical values of the phases de- 
pend. until a maximum of this function was attained, (How- 
ever. we did not vary the ’clock' parameters about the values 
obtained from the group delay solution because the function 
was insensitive to these parameters, as is explained below.) 
The value of the base line vector that yielded the m.iximum ol 

the ad hoc function was then used in a slraipb’fo' d —unner 

to add to the measured phases the appropriate inleccr multi- 
ples of 2»r so as to remove the ambiguities present >n the 
original phase observables, the conversion to phase delays 
followed trivially We note that this procedure does not neces- 
sarily remove an overall constant delay th.it would be the same 
for all observations in a given experiment; however, such a 
constant is wholly absorbed in the estimate of the epoch offset 
and has no effect on base line determination 

The specific function that we maximized was 

/(B) ■ 21 fp, - g.) (1) 

the weighted sum of the cosines of the differences hetwren flic 
residual phases m.. defined below, and ili. cor- •• 
‘mean’ values u.. obtained by linear inter.! • m time 
between the phasors corresponding to the residual phases for 
the immediately preceding and following obsn nations. In par- 
ticular, we have 

P, ■ 0,'- - rt"'-' (2) 

_ . - . If'.-i - '-)'iinp.-i + “ 'i 

g, « tan ' ; — ; ; (j) 

L(f..i f.)cosp, I -b (r, f. . 1 ) cos g. , I J 

where <(),'■■“ is the ilh of the ,V values of pha.se observed in the 
experiment (the first and last values contribute o ■ r-nly 
through > 1 , not directly through p), where 

0, (w.^OB.-f, b 0,"*‘ (4) 

and where u,- is the (angular) radio frequency to hich the 
observations of phase rcfeircd; <- is the speed ol .igiii. d, is the 
base line vector appropriate for the rcterence iim>.- i, . ihc 
Ilh measurement, i, is the unit vector in the direction toward 
the source obscived at r,; and 0,""‘' (■ 0'“' (/,)) is the dilfercncc 
between the phases of the local oscillators of the receivers at 
the two sites, calculated from the two-icrm clock p"lyr 'mial 
who.se coeOicients were as determined fr«>m li.e gi--Jp oc iv 
s.vliiiinn The weights w, used in (1) were cnlcul:i' •''•''m ihe 
dilfercnces between the observation times accoidine to 

". ' = (f... - O (f. - /. ,) Of 

What arc the reasons that goveined ihcse choices" I ht use 
of periodic lr'eopr.rpetric fun-t'oos in I ' > ’ v.,. 

the function / is insensitive to errors in ei,"*" that arc multiples 
of 2ir. The g, were subtracted from the p, o as to r>. .ui .■ the 
sensitivity of / to the elfcets ol unmodeled variations in Ihc 
relative benavior of Ihe clocks at Ihe 'wo sites: by viriue o. tiie 
interpolation used in (3) ihc g, arc insensitive to any constant 
or linearly increasing errors that might c.irn pt 0 •" (tl lel' 

/ , and /, , ,. Because the g, arc still sensitive to the nest higuci 
lime derivative of the error in 0"*'' (M. the weights »■, \ 
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hiR 2. Same as I lyurc I cscepl lhal ihc analysis ssas of Ihr 
(precise) p)i sc Helav measuremenis Note the dillcrciitc in scale. 


tlioscn to s iry ins'‘rscl> vsitli the cn'ilucl of the time itit'. .! 
bclsseen the tteighhoring oliscrsatiuns. The elTcets of the un- 
certainties ill the itioiJuIo-2t measurements of e>"*”. P<-t sc. 
were relatively small and hence were ignored in the choice of 
weights. Tinally. we note that the ma.ximi^alion of(l ) is equiv- 
alent to a mininii/ation of the weighted sum of squares ol the 
dilTerenccs p, - p, when these dilfercnccs are small. 

Ihc maximum of / with respect to the components of B. 
expressed in an earth-hxed coi'rdinate system, was attuallv 
foiiml for each experiment through direct evaluation of f a! the 
vertices of a i nrce-dimensional rectangular grid. The grid spac- 
ing vs.is appi .ximately .1 mm (10 ps or about I’j wavelength) in 
fach coordinate, and the search region was centered at the 
base line solution obtained from the analysis of the group 
delay s from I'lic of the early experiments. The search extended 
iO.8 ns ( ■> • b wavelengths I in the direction oi'each of the two 
orthogonal equatorial components of the base line nnd ± 1.6 
ns ("s q-13 jveicngths) in the direction of the poiar com- 
ponent 1 he mcertainty of the group delay solution w as of the 
order of I wa.elength m each coordinate and thus corresponds 
to a small fraction ol the region searched The function f had a 
well-dcIi naximum within the search region for all experi- 
ments excep; the three shortest ones (two utili/cd independent 
standards, a id one a common standard); in each of the latter 
three cases a local maximum was present in nearly the same 
location as it was for the other eight expcnmenis and was 
taken as the correct' maximum to use lor further analysis. 

liiveii the value B, that maximi/cd f for a given experiment, 
Ihe appropr jte number of 2r to add to each measured ph.ise 
was easily determined, f/),""' was incremenied by the integer 
number ol 2- that minimi/cd |p,(B„)| 1 he conversion of these 
values of pt .ise to the equivalent values of phase delay was 
accomplished, as was indicated above, by division ol the 
former by w 

The phase delays, thus freed from ambiguity, were then 
ulih/cd in the final stage of the analysis. 1 he delays from each 
experiment siparately were used in a uniformly weighted least 
squares anal' sis to estimate the three components of the base 
line'vector and all the cocllicients ol polynomials representing 
the dilferenct in behavior of the two clocks. The number and 
the degree ol the polynomials used depended on the duration 
of the expe imen', appro'imateb ! degree of freedom having 
been providei, for each hour of observation, (l or the longer 


experiments, up to three ddferent polynomials 'vrre U'ed to 
span the total duration of the experiment in a nonoverlapping 
manner so that the highest degree of any one polynomial used 
was equal to .^.) The theoretical values of Ihe delays uiili/cd ( I ) 
the source coordinates listed in I able 2, as mentioned above, 
(2) the smoothed values of 1) I I and polar motion published in 
Circular 1) by ihe Bureau International de I'Meure. (3) stan- 
dard models fur precession, nutation, and tidal displacement, 
and (4) a simple model of the effects of the atmosphere that 
also accounted for the small ( '■ 30 m ) difference in the altitude 
of the two antennas (see Rohfrnon |I07.'| for details). Ihe 
results were not changed sigmlicantly by the addition, to the 
set of parameters to be estimated, ol the /enith electrical path 
length of the atmosphere over one of Ihc sites. Our results are 
also insensitive to the uiicerl.iinlies in Ihe models used to 
represent the earth's motion> because of the shortness of the 
base line f igure 2 shows the postlii residuals from a typical 
experiment (see I igure I for contrast), the ims ol these residu- 
als. about It) ps. is equivalent to about 3 mm in distance 

Refore discussing in detail the base line results from this 
seio'id stage ol the analysis, wr rrinaik that they did not differ 
by more than 5 mm in any coordinate for any experiment front 
the results ohiained in the preliminary analysis. The differ- 
ences stem in part from the use of more terms in the poly- 
nomials representing the differences in clock behavior and in 
pan from the use of a more sophisticated model to lepresem 
the theoretical values of the delays 

4 Risttls 

In Table 3 we present the final results of out analysis 1 he 
estimates of the base line coordinates from the dilferent experi- 
ment. „.e seaOered by more than one would expeit on the 
basis of the formal standard errors, a demonstration that the 
unecrtainiics m our results arc dominatevl by systematic errors 
Nevertheless, in computing the means and the scatters about 
these means we used as relative weights lor the individual 
results the inverse squares of the formal standard errors ob- 
tained from the individual solutun.s This choice w.is made 
primarily so that the weiebts would rellect. at least qualita- 
tively. the sometimes verv import.in' I'lll lences in ihe relative 
reliabilities ol the results iVi'in the dilKrent ex|)eriments; these 
differences are due mostly to the large v ari.ilions in the number 
of observations and in the durations ol the experiments M- 
lliough the weighted means :ind those computed with uniform 
weightings do nol differ substanlially . the root weighted mean 
scatters about the weighted .ncaiis (hereafter ‘rms scatters') 
were smaller than the corresponding scatters computed with 
uniform weighting by an average of about 30'f. a result thus 
tending to support our iiv; if foima' weights \\ ith this weigh- 
ting the rms scatters for the vertical, the east, and the north 
components of the base line weie. in lad. 7. 5. and 3 mm, 
respectivelv . 

In l ablc 1 we also give the weighted means ami rms scalteis 
separately lor the experiments in which two frequency stan- 
dards were used ('iinslarrcd' cxpcrimciils) and for those lhal 
employed a single standard ('starred' experiments) The 
coordinates of the VVeslIord site, as well as the distance be- 
tween Haystack and Westford inferred Irom each experiment, 
are displayed graphically in I- igure T 1 he scatters in Ihe results 
from the unsinrred experiments range from about IJ to 2 times 
as large as the corresponding scatters from the starred experi- 
ments. except for the scatter' of 'oiicitudc estimates, for 
which Ihe unstarred experimciiti y iclocd an anomalously sniall 
spread. That the ratios of the corresponding scatters from the 
unstarred to those front the st.irrcd experiments are far less 
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TABl I }. Summar> of llayMuck-WeRlfoid VI |i| I x|H‘rlnicnl\ 



1 he SI rd errors giscn arc based on scaling Ihc (dimensionless) rool-mcan-squarc of the posllil residuals to units 
"The gcoscntric position assumed for the Haystack antenna ssas the lollossin)! radius. ( 1 .I 6 K 4KS480 km. longitinle. 71 4XKhSilUKl' . latitude. 
4’.42f3SX.tCX(". The base line vector eslcnds fiom the intersection of the a/imuth and elesation axes at Haystack to a releicnce point on the 
a/imuth axis at Weslford that is nITsel horuontally by 3IK mm from the ricsalis'n axis (sex text). Values ol radius, longitude, and laliliide 
given in these columns should be added to 6.36S.462.40O mm. 7 1.49421 10()°. and 42.4I90I4(X)'. respcclivelv 

'On the starred dales the Weslfoid ItKal oscillator signal sxas dertsed lioin the same hydioecn m iser frei|ucnc> standard as aas that nl 
Haystack, by means of cables, such Ihai the relative frequency stability belsxcen the local oscillators ol the Isxo sites xsas ' I part in l(»" On 
the remaining dales, independent frequency standards sxere used at the luo sites, the resulting relaiixe local oscillator siabilily being I part 
in 10 " (sec text ) 

' I ach observation consisted of a 3-min tape recording of the signal received from one of the extragalaciic radio sources listed in Table 2 
The signals received at the Isxo sites vxcie recoided simultaneously on separate tapes xxhich xxerc then cross-correlated to determine the in- 
terferometric observables. 

“I- or this base line. 10 * ° in longitude corresponds to '0.g2 mm of sscslward displacement, and 10 * • in latitude to ' I 1 1 mm of non hss aid 
displacement 

Values in this column should he added to l,2.79..3(X) mm 
'10 ps » 3 mm; c ■ 299.792. V km/s 

'1 he Wcstford axis oll'scts sxere estimated in separate solutions from those for sxhieh the VX estl.xrd coordinate cstimiiies are shoxxn .Adding 
< this axis olfset parameter yielded slightly reduced residuals, the relatively large formal siandard errors shoxxii being attributable to the high 
correlation (s0.9()i betxxccn the eslimate of the axis offset and that of the vertical component of the base line vector 
“The xxeights used in the computations ol the means sxere iixerscly proportional to the squared formal siandard errors of the individual 
results, the mix given in each case refers to the sc.iltcr of ih.- individual results about the mean and docs not represent the formal standard 
error of the iiean 

'The suivi xxas performed in I9fc7 by K Prc.ssey. Inc. (see text for discussion of the unceitaiiilies). 


than the ratio of the corresponding insiahiliiirs of the stan- 
dards implies that frequency variations arc not the pre- 
doininaiil source of error, as is tliscusscd in more detail in 
section 5 

l or tile . sL'inblc. uiislarrcd plus slarrcd, vx c note that of the 
three coordinates of ilie Wcstford site, only the csiiniatcs of 
longitude It to shovs a sxsiematic trend vxith lime Wrdeem 
It premai r in allempl to allnhulc aiiv physical sigmlicancr 
to this app-'-enl Ireiiil. 

1 he ab results inilicate the lepeatahiliiy of our base line 
iletcrniinations. W e purposely sought m ihcse experiments to 
xarv as u tv parameters ,is possible lo expose potential 
sources ol c.ror. lints froni experimeni to expenmcnl xxe var- 
ied the Ml, ' cs obserxed. the paiiern in which they xvere ob- 
serxed. lb' -vanned bandwulili. and ihc limes of the day and 
Ilf the yea'’ in which ihc observations were made Nonetheless, 
we do hi nd cannot claim lh. 1 l the level of repcalahilily 

Mgnilics a> r.icy. T o establish 'he aceuraev of our mean base 

line rcsiil eliniiively require-, mostly by delinilion. an ac- 
cepted (and ■ r course more accurate ) standard of comparison. 
In our t none exists. Noncihtiess. some useful external 
checks can oc made. As the first example xxc note that a 
conxcniio survey was cart.-J out in 1967 by R Pressey. 


Inc., of 1 ynn. Massachusetts. The original intent of the survex 
xxas lo provide iinly the length of the base line; for this purpi'se 
a geodimcier was used, and the estimated uncertainty in the 
length so determined was 20 mm. The comparison with our 
mean result, given in Table .3. shows a riilTcrcnce of only b mm. 
The survey values for the two coitiponcnts of direction ol ilie 
base line may li.iv been far less reliable R. Pressey (priv.iie 
communicalion, I'R'M indicates that an error of almost ,30 .irc 
see max have been made in :i/imiilh. corresponding to .m 
equivalent distance uncertainly ol about ISO mm. again larger 
than Ihc dilfcrence belween our results and the 19b' surve. 
Ihc uncrrlainlv in Ihe ilclerininaliiin of the direction of the 
vertical in the survex x'.is unaxailable from Pressex and was 
estimated by us lo he .iboui .irc sec. leading to a .'O-mitt 
unccrt.iinty in r.idiU'. which is threefolil l.irpcr than the dilVci- 
ence belween the inlcrfernmeler ,ind the survey results XX .■ 
inxesiigaled the po-miliix id' li.oing a more accurate survey 
undcri.iken such ih.d the uncerl.iiniics in the result int b.i i 
line componeiiis w.mld be at the niillmieter level I nlortu- 
nately. the csiim.del 01-1 was prohibitive, ne.irlv vji o()ii 
Another .heck on he mierieii'meicr results was possible 
because at W csiford. as distinct from Haystack, the u/iniutl. 
and elevation axes do not iniersrei The elevation axis, accord- 


survey was 
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Fig J. W cstford coordinates and base line lengths from 1 1 indc- 
pcndeiil deieiminalions bv radio inu-rfcromelry of the I ?4-km Has- 
slack- Weslford base line sector. The results arc shown relative to their 
corresponding means as given in Table 3 for the ensemble of esperi- 
menis The error bars dcnoie I (formall standard dcsialiun. I he 
starred dai indicate lhal a single frequciicv standard was used; 
see lest anu fable 3 for more details. 

ing to the construction blueprints for the antenna mount, is 
oflset hor jntally by 318 mm from the base line rcicrcncc 
point on t ■ iijimtith axis Wc therefore included in our theo- 
retical model of the phase delay observable a parameter char- 
iictcri/inf ic length of this olTsct The data for each experi- 
ment WC' canaly/ed with this length as an added unknown 
parameter, the results arc shown in the last column of Table 3. 
The dirtcr cc between the directly measured value and the 
weighted 1 can of the estimated values is lU ± 9 mm. the 
relatively gc uncertainty being due principally to the ~0.96 
correlation between our estimates of this offset and of the 
vertical CO' ,'onent of the base line vector. The estimates of the 
base line c mponents did not change signiricantly with the 
adil'iio''' of the elevation axis offset parameter, althoiieh. of 
course, the inccrtaintics increased markedly. 

5 Disft;ssio\ or Errors 

What ar ■ the important sources of error in our results and 
how migl ney be reduced’’ We devote this section to address- 
ing this twe part question. 

One poi iiial souice of error steins from the use of radio 
source CO' linales (1 able 2) obtained from long base line 
experiment' f hese positions are not necessarily appiopriate 
for the si t base lines employed here many of the sources 
exhibit siruviiire in their radio brightness on a variety of scales; 
our short I sc i ne interferometer is sensitive to the arc second 
structure, w.iereas the very long base line interferometers were 
sensitive mainly to the milli arc second structure. As Table 2 


shows. SVC did not observe ali of the same sources in c.ich 
experiment, neither did we observe those common .osirvcs for 
the same fractions of ihcir diurnal cycles in diflcrcnt experi- 
ments. Thus souice .structure effects could have contributed to 
the K'alter of our base line results. By the same token, errors 
due to source structure would be reduced, by virtue of averag 
ing. in our mean results. Wc sought evidence of sviemalic 
source structure effects thi .igli comp.irisoii of the pustfit 
phase delay residuals from several of these experiments, and 
also through possible correlations between the sources ol • 
served and the base line results, without success. We therefore 
doubt that our mean results were biased by more than 2 mm in 
any coordinate from this cause (sec also section 6). In th- 
future we can reduce this type of error further by extending ih'.* 
observations in an individual experiment over a longei perio ' 
in order to ( I ) make accurate independent determinations of 
the appropriate short base line source positions simultane- 
ously with the determination of the base line vector and i.’i 
study the structure of the sources from analysi' >f ih. fi • , 
amplitude data as we have done in expcrinicius involving 
longer base lines. UnforlunaliT- anienna-scheduhtig cc 
siraints prevented us from utili/mg these techniques in tht 
present expcriineiUs. We also remark, in regard to source 
structure, that milli-arc-sccond-si7cd features in the brighinf-- 
distrihution can change noticeably in apparent position over 
time scales as short as weeks but lhal time scales for corrr 
s,'Oi >ing changes in arc-seennd-si/ed features are expected to 
be about 1000 times longer. Thus if repeatability, not accu- 
racy. IS the goal, observation of the same sources at the same 
(sidereal) times in the separate experiments will eiisuic ih.ii 
source position errors make no appreciable contribution to ihc 
scatter of the short base line results. 

The propagation medium also contributes to Ihc unccriainiy 
m our results. However, as was expected (sec section <). this 
contribution seems to have been below the level of observa- 
bility The contributions of the ionosphere should he perhaps 
tenfold greater in the daytime, cspeeially near dawn and dusk, 
than at night; yet no signirieant dilVcrcnccs arc seen in the 
behavior of the delay residuals for the corresponding p 
the diurnal cycle Similarly, no seasonal pattern is diseer > • 
in ihc delav rcsidu.ils. allhough variations in the water sa|t> 
eoniribiiiions of the neutral atmosphere, the main atirospm ■ 
error sourer, are expected to be most pronounced in the sum- 
mer (see. for example. Moran ai\d Penfield 1 1976)), In additio 
as we mentioned in section 3. our b.isc line results arc not 
changed significantly when Ihc zenith electrical path length of 
the atmosphere is added to Ihc set of parameters to be csli- 
maled. If it is desired in future experiments, the Ci'niribulioi . 
of the ionosphere could be reduced further by simuliancou 
observ .nionc in two widelv separated freouenrv b-<pi!s 
whereas Ihc conirihuiinns of the neutral atmosphere may per- 
haps be icduced further through the use ol water vapor radii - 
mclry. (See section 6 1 

The possibility ol systematic errors due to undesired wave 
rclleclions (‘multipath') within the antennas md associate 1 
structures has been explored in several wass. On the basis i 
an analysis of olher mcasurcmenis made on ihc Haystac' 
antc'ina. wc climate lhal multipath cITetis on om o'suiis 
below the millimeter level Eurthcr evidence that these e(Tci.i» 
are reel uib e m 'he present experiments is pi t'l l -l by if 
fasts (I ) that the base line vector estimates denveu f.om ib 
group dci.iy d.u i did not difler significantly from : -'Vs', den e ' 
from Ihc phase delays and (2) that neither the group delay noi 
the phase delay results showed sigmticani changes when the 
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local OKillaior frequency siMichinp range (tee section 2) ».is 
changed from 78 to 112 Mil/. 

Chanpe.s in the physical dimensions of the antennas ssith 
changes in the thermal environments and with changes in 
pointing are potential sources of perhaps relatively large sys- 
tematic errors in our results. Such dimension.il changes are 
important only insofar as they change the electrical path 
length between the radio source and a fixed point at a site. We 
discuss thermal effects first. These would probably not have 
introduced errors that repeated from experiment to experi- 
ment, since our 1 1 experiments were distributed reasonably 
well^ throuiihout both diurnal and seasonal cycles. Any uni- 
form heat g effects probably could be modeled accurately, if 
it were ncc.;ssary, for future experiments. Differential heating 
effects, by contrast, are difficult to model, but because both the 
Hay.stack and W’estford antennas are enclosed in radomes. 
temperature differences over the antenna structures can be 
kept relatively small. 

Changes in elevation angle introduce changes m the dimen- 
sions of an antenna hecauac of tf.e tltaiiges in the gravitalion-.l 
loading. Such dimensional changes are expected to be repeat- 
able. at least down to the millimeter level. Ilcitce the error in 
the estimate of a base line vector caused by such gravitational 
■flexures’ would to this extent be the same for different experi- 
ments if the schedule of observations w-ere kept constant. If the 
schedule were varied, then this error could vary, depending 
both on the '.chcdulc and on the sanation with elevation angle 
of the length of the electrical path through the antenna system 
Tor example, if this variation were exactly proportional to the 
sine of ilic elevation angle, then the variation in the path length 
would mimic exactly the effect of a vertical displacement of tlie 
antenna 

W hat are the actual variations with elevation angle of the 
path lengths for the Haystack and the W'estford antennas’’ The 
only information that we presently base is a s'l of d'rcct 
'measurements (I). Stuart, private communication. 1976) of the 
variation ol the distance D between the vertices of the main 
reflector and the Cassegrain suhrcHector of the Haystack an- 
tenna as a function of elevation angle li at 10” intervals be- 
tween 0” and 90". Over this range the measured variation 
differs by ss than the estimated peak measurement uncer 
taints of O.O.S mm from that given by the formula 

IHh) - IW) “ - I 27 sin /( mm (6) 

The radio signal traverses this distance twice, so ihal llic 
corresponding length variation for a ray path along the axis of 
the antenna is given by -2.S4 sin h min If. for illustrative 
purposes. ) were assumed to describe the cllcctive path 
length variaiinn for the entire anienna. ihc resulting systematic 
error in our base line determiiialions would ihcii be inscnsiiive 
to the obsci-.ition schedule and would correspond to an ap- 
parent shift n the position of the Haystack anienna vertically 
upward hy . ‘'4 mm We must cinphasi/e that as yet we have 
insulTcu on ih; ov^iall .l.Jv. fl;.... of ilic 

Haystack a"‘vnna. and no data for the W’estford antenn.i. so 
that we arc liable at present to place stringent limits on the 
systematic h -c line deierminalion error due lo flexure If it is 
desired in i liiiurc, graviiaiinnal flexure elVecTs could prob- 
ably be calc"' lied accur.ilely from an appiopriatc set of direct 
measureme • > n the antennas In any event the conscqucnvcv 
lot geodynamic applications of VI til .ire expected lo be ncgli 
gible .Such exurcs. as we have staled, are expected lo be 
repeatable at least down to the mdlimetcr l>-vrl .ind, xvbaiev'-r 
IS Ihc lorm of ihcir elevation angle dependences, would not 
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significantly affect attempts to mea.sure changes in base line 
vcuois so long as the same pattern of observations is used <n 
each expcrinirnl, 

W'hat experimental bounds can we place on any non- 
rcpcatahlc component of the error in the base line vcior 
estimates caused by gravitational flexure? lo seek 
bounds, albeit indirectly, we varied the elevation angle distri- 
buiinns from experiment to experiment: a typical samp': oi 
elevation angle histograms is given in Figure 4. i hev distr<*'u- 
liuns are not as varied as one would like, to have maxim'/cd 
the potential contribution of gravitational flexure effects to the 
scatter of the base line vector estimates from the different 
experiments. Yet. one might reasonably conclude that the 
nonrcpcalahle component of the antenna flexure crroi in our 
mean results is most likely smaller than the rms scatter of the 
results 

Two other mayor sources of nonicpcaiabic crroi in our 
present results arc t'clicved lo be the unmodclcd and Tiiiiea- 
sured vaiiaiions in the clocks and cable lengths, respe, tivriy 
lu a,.sv.ss tliv .e cllcets lit a i.'iaiiiici oinci than noting the 
scatter in the coordinates determined from the separate exper- 
menis. we al'O analyzed the phase delay data by the so-called 
diflcrcnce lcclmii|ue [S^u./'iro rl al.. 1974. Koherison. 19"’S| In 
this dillcicnce technique, pairs of observations of phase delays, 
obtained at neighboring epochs, are differenced, and the dif- 
ferences are analyzed with the weighted least -qu;ies al- 
gorithm. I hese (independent) difference observables base the 
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advaniu)!c of bring large!) freed from ihcelleetR o( long lerm 
rclalbr drifts in the frequency standards and in the cable 
lengths that in etfcct control the time-keeping at each site As a 
result of I' lng the dilVerence obsersables and ignoring the 
correspiindinp sum obsersables, some information is lost, but 
vse avoid the need for a large number of parameters to repre- 
sent these long-term relatise drifts in the elTective time kept at 
the tsso s s The base line coordinates obtained fi.im the 
analysis o. he dilfcrenccd obsersables agreed ssith the results 
from the r.alysis of the undilferenced observables, on an 
esperimv. • by-csperinient basis, to ssithin 3 mm in all cases. 
Wi^con'cludc from this agrccnicnt that our polynomial repre- 
sentation the effective relative behavior of the cIsKks satis- 
factorily removed the long-term drifts and was virtually equiv- 
alent to the replacement of the original obsersables by 
differenced obsersables Hy the same token, it follows that the 
long-term Muctuations of the standards used in the unstarred 
experiments (see Table 3) did not make a subst.iiitially larger 
contribution to the scatter of the base line determinations than 
Hid the corr-sponding Muctuations m the starred cxpeiiments. 

ese conclusions are also supported hy the lack of significant 
.,. ..sinatic trends in the postlit delas residuals. The short-term 
(between observations! Muctuations of the indcprnd.-ni fre- 
quency standards, on the other hand, may well have contrib- 
uted to the ‘noise’ apparent in the postfit residuals and to the 
fact that this noise is greater, on average, in the unstaired 
experiments than in the starred experiments. The uncertainties 
thus introduced in the base line estimates arc not, however, 
likely to he highly correlated from experiment to experiment 
because of differences in observing schedule and in ensirr'n- 
mental conditions. 

.Mthough we consider it unlikely, there is a possiOility that 
signilicant errors, other than those mentioned, could be in- 
trorluced in the part of the system that follows the feed on the 
antenna ‘Zero base line' experiments can he performed to 
isrdalc any such errors bs bringing the two mtciferomcicr 
receiving and recording systems together and feeding the same 
radio freq rcy noi- • into both It is also possible to offset in 
delay and r...c cither the noise signal or the frequency stardard 
input to one of the systems so as to simulate the major effects 
of the separ tion of the receivers in a real interferometer Such 
zero base i .• experiments arc being planned at Haystack with 
the instrumsnt.ition designed so that the results should en.ibic 
us to iiiisi ■ r and to reduce to the millimeter level or below 
any rem.iiimc inipi'rtant sources of error contributed by the 
receiving, r nrding. and processing sysiems per sg. (Some 
/• i' base line tests h.ive already been pcriormed at Haystack, 
hut they did nivt allow for r.ite offsets. I 

The re .int improved insmimeni.iiioii and full calihra- 
tioti. Ill eon iiieiion with iiydrogen maser frequency siand.ird' 
that... fr.',‘. ’mil .t.i'-’lit d ■ !'»’ . 

should ub ■ .iielv etiahlc the combined toniribuiion vd' all 
sources o ror in Hie dctermin.iiion of short base line vei lore 
via our iiucrieromettic technique to be reduced 'o 'he imlliinc- 
Irr level 'Ijcc this coal m proper perspective we n itia' 
l.hiiuirf ■ U\h‘ ll‘*'f>| vl.ile. .ilbeit without pro.i'ioii ol 
supporting details, ih.ii w hen the esiualori.il eoniponeiits ol the 
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1 he elimination ol 2ir ambiguities in the phase delay ohserv- 
ahlc. denionsiratcd here for the short Mavsta, k-\kcsiford base 
line and for an X hand radio frequency (■> 7 X (ill/), could 
also be accomplished in other situation-, l or short h ise lines, 
much lower radm frequencies couUI be used, provided only 
that lonosphoris effects remained negligible: the elimination of 
the phase delay ambiguities would h. corn ponuingiy easier 
the lower the frequency hot Umg 'uisc lines, twsv types of 
complications arise: ( I ) inc need lo d- lerinin- 'he i. ■ 'nbution 
of the ionosphere when it affects group and phase delays by 
amounts not small in comparison to the de! v >-q s.,lcnt of I 
wavelength foi the radio frequency employi and (T i the need 
lo estimate olhci piirametci-.. sueh as those lor source coordi- 
nates. in addition to those for the base line vector and for the 
clock behavior. To eliminate 2r ambiguities in the face ol 
these difficulties, it IS sufficient to make group delay measure 
menis with uncciiamtics less than the dcl.:y equivalent ol I 
wavelength and to make them simuliancot ,y for e. ..h of twvi 
widely sc|i.iruicd frequency bands The nex, genci.ition VI Ifl 
equipment curreiillv being developed h\ our group — the Mark 
III svstem — will salislv these crilcrui This equipment will 
enable ohscrvaiions to be made with about tenfold higher 
sign il-to-noisc ratios at X hand (^X GH/) and a! S band ( "I 
(iH/| Ircqiiciicics simultaneously The major limit on accu- 
racy for long base lines will then he due to the uncertainty in 
the determination of the effect of the neutral atmosphere on 
the del.iy observahlc. Recent studies \ Moran and Prnflrld. 
1976; M inn fi al . I97b| indicate that the use of radiontcicrs 
and stirlacc meteorological measuretm-nis tu monitor the elec- 
trical path length of the water vapor in the atmosphere |.Vr/io- 
prr i‘i al . I970| should enable the unceriamiy m the effect of 
the neutral atmosphere on the base line deierminations to he 
reduced to the cciilimeicr level. 

The new VI. HI equipment, in conjunction w ith our methods 
for ambiguity cbtnmaiion, will also allow the measurement of 
any regional base lines to he made v.ub siT cn!i er accu- 
racy One approach is lo employ, .it opposite ci js of a re- 
gional base line, two small iranspof.ible antennas (diameter 
iippioximulcly equal to 3 m) that observe s. urcc» » multanc- 
ously with a perhaps remote. I II. dell", eiv I -c. i .lenria 
(diiimeler greater than or apprt'Ximately equal to .vt. ml. The 
large si/e of the lised antenna is ncv.ss. iy > ohi • an adc- 
quaie signal-lo-noise ratio (recall iha* this ratio is pruporiional 
to the product of the diameters ol thi two i ten' < forming 
each inlerferomcler ) The two base linc' i ic f antenna 
could be thousands ol kiUuntlcrs in Icni’ih. and the determina- 
tion of each Irom llic'C obser.a'u ns -I u" n .1! the 
several ceiilinieler level However, ihi sh"r! ase . .u nctw^en 
'h ••.- ..j'.ut.i' ■ u-i.-rmi'- -H 

less unceriamiy ( 5 mm in MX) krn) hec.i- «c *- 

only the differences between the simuii.inci ,s m 
made heiwceii each of them .ind Ihr lived an' nn.i mi-sl of ih.- 
pri'p.ip iluin 'm-ihuin .ind other uiivu ireo . ,-cs .ij ihe long 
base line im.isuremeins would be c.i -u' u-.. , )iff. , ,nj. iht 
inlerferomeliiv phases ofc.ii.icd .m the lunj; -lasc' lines is cquiv - 
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ously ssiih ihe two interrcromclcrs formed hrtvseen Hasst.ick 
and \k es: rd. on Ihc one hand, and iht 845-kni-disiani. 4.Vin. 
diumcier aiilcnna of the National Radio Astronomy Ohsersa- 
lory (NRAOI. on Ihc other. The source obsersed ssas iC H->. 
which IS well known to have a very complicated structure at 
Ihc milli arc second level (see. e g . Hogers ei al. (19741 and 
f’aulin\ ■ I i>ih ft al |l97ft|). The comparison clearly shows that 
Ihe cITccis ol structure for this antenna conliguralioii arc very 
small and. if they were ignored, would cause dilTercnccs of 
substantially less lli.iii a millimeter teti-cen the base line com 
ponenis determined from the short base line inierfcromelric 
data and those deicrniined from the diircrenccs of the corre- 
sponding data ohiained from Ihe two long base line inter- 
fcroinelers Should they ever prove importanl. such source 
structure eliccis could, however, be largely removed from the 
data through use ol .ippiopriale models of the radio brightness 
distrihiilion of the sources and ihcir variations with lime 
These nuvdels are being determined with ever increasing reliu 
bililv from data obtained with k'l HI arraysthat arc now being 
used to monitor these compact sources (see. for recent ex- 
' amples It ///e/> ( l‘>75). (u/ic*/ c; u/ ( 1976). //u/ro/i | IVb). .md 
It /f/./,r w al. ||9-’(,|» 

It IS guile conceivable that use of this difference lechnigue 
with small transportable \T.BI systems could be economically 
as well as technically conipetilive with any olhei method avail- 
able lor •• asuring vector base lines with millimeter level accu- 
racy. even for distances as small as a few kiluineters. 

.(iLmiH/i \y c ihaiil. Ci I I psicin and I lla/citon foi 

thctrcnnii* utions to the data aii.tlysi- I) K.iufniann It t'cicrs. and 
K Ciialcs ol Ihc r iivddard Space I light C enter lor Ihrir aid in securing 
Ihc M’-.l (imJd.ird hydrogen maser rreguenc) siandaid for use al Ihc 
llavstuck (li>scrsali<iy lor some of these experiments, and S Itcnnk- 
sen. M Kv e. and J It Thomas for ihcir careful reading of Ihc 
liianiiscript Radio Astroiiomv programs al the Haystack Ohserv.ilors 
arc eondueted with support from the National Seicnev I oundaluin. 
gum (iP- 25 sny Ihe Nalion.il Radio Astronomy Ohscrsalory isoper 
aicd h\ Associated I'nis ersilics. Inc . under eonlriicl with the National 
Science I oundaluin I he espermicnls reported hcic were supported in 
pall hy llic Uniied Stales tieologieal Siiivey. under eoniraci 14 OK- 
nr||.| 4 l 4 x, ind h\ the Nalional Aeronautics and Npuce Adminislra- 
lion. undei conliacl N\S 5 -IiK 4 t. holh with the Norlheasi Radio 
Ohservaiors ('orpoulion The Mauaehusclls Institute of Technology 
expcriincmcts were also supported in pail hy the National I^icncc 
Toundalio" grant (iA-t 7 fiHJ. and m part hv Ihc National Aero- 
naulics an ' space Administration, graiil NfiR 27 -tKI 9 -ll.t 9 
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A HIGH DECLINATION SEARCH AT 8 GHi FOR COMPACT RADIO SOliKCES 
J. J. WrtTMji, I. I. SHAfiRO, D. S. Rc.itRiwjN*’, ami C. C. Cohnsilman 

MauachuKlU Institute of ‘^cclin4ilo|iy. C«mbrid|tc. Mafttachinetti U21J9 


H. F. Hintlrecocr, C. A. Knioht, A. E. E. Rogern, and A. R Wmitnfy 

H>inuck Obxrvilory, Northeasl Radio Obacrvatnry Coipuiatinn, Wexford, MuaarhuttUt OICIA 

T. A. CiAkR, L. K. HiTroN, and C. Ma 

Cioddird Space F1i|hl Center, (ireenbell, Miiyland 3077 1 

A. NitLL and G, M. Rewii 

let Propuixnn lahoralnry, Paiadena, C'alifomti 91 107 

B O, Ronnano and O. E. II Rvoreck 

Ontala Space Obaervatory and Chalmeri Unieeruly of Irthnnlot), (iolhcnberf, Sweden 
Kerefveai tO Jonaory 1978 

ABSTRACT 

With the HayMack-NRAO intcrfeiometrr (bakrlinc length of WXlO* ^ at X«3,8 ctn)v*e 
observeel J7 sourer* whose declinations were above 50‘. Seven ol thew source* have rnmpact 
cores with diameter* sniallei than S millinrcnec and with > orrclated flux densities greater than 
abotii 0.) Jy; the remaining sources have no cores with flux densities above atxnil 0,3 J\, 
the sensitivity limit of the intcrfetomctci. Two of the sources with detected compact cores. 
4C 67 05 and 3C 418, were also observed with longer Iraselinr interferometers; the diameter 
of the core of 4C 67.05 was estimated to be smaller tlian 1 milliarcscc and that of 3C 418 
to be smaller than 0.4 milliaa-sec. All diameter estimate:, were Iwscd oi an assumed circular 
Gaussian distribution of radio brightness and refer to the contour with brightness density 
e ’ that of the center. Positions for the delected sources wcr. also obiaincd fiorn the 
interferometric data, the uncertaiiit;. in these cnordinatr estimates ranging from 004 to 0.6 
arcsec. The couipact core detected in 7C 3b0 .1 was focnid to he n<-ar the center of this 
extended (approximately 4 arcmin in diameterf double ladio source, and to be comcidcnl to 
Within 1 arcsec with an /V gaicry previously identified with 3C 3*70.3. 


I INIROUUOION 

AppliL .1 juns of very-long-biiselinc iiitcrrcromctry 
(VI. Ill) to astrometry and geodesy benefit from the 
availabili' of compact radio sources spaced as widely 
as possibi in declination In the past, there wcic no 
known strong radio souiccs above about 50* declination 
fur which ompact components had been detected at 
X-band 'I iirreforc. in October I9’'4, we used an inter- 
Iciomrter with an ii45-kni baseline (20 X 10* A at X ■ 
18 cm) to search for comp;itt, high declination sources. 
Suvh sources also liave a high probability of being in- 
trirsiing aruphysical objects since must sources ob- 
servable w li VLIII have variable flux densities and often 
variable r mpact itrucinres as well. 

II IlHSfHVATIONS 

We Ob' ced 37 radio sources wiih dcTlinatioiu above 
50* using >ne Haystack Ubservatory's 37 m-diamclcr 

*1 Nuw si V. Sjlnvisi I mutclic Survey. NOS, NOAA. tCixioilic, 
Marylsnd XwsJ 


untenna in Vcslford, MA and the National Radio As- 
Ironoiii) Observatory’s 43 m-diamctcr ,'inleiinu in Green 
Bank, WV' (HN inicrferomclcr). Ihr observations, 
made with Icll circular polari/alion and centered al a 
frenwcncy of 7KS0 Mil/, iitili/ed our bund-width svn- 
Ihcsis technique, and cmpluvcd the Mark I recording 
system (Whitney 1974; Winds rf o/ 1975; Whitney er 
al 1976) I'lir each s<)urce, one to font Ihrcc-iiiinuic 
tapes were recorded Results for the seven sources foi 
which fringes were detected arc given in Table I, the 
IHisiiions obiaincd arc also shown |sec Rogers ft al 
(1973) and Llatk ri al ( 19)6) lor dcscripiions ol the 
astrometric incilioil tried ) 

Our (xisitiun for (nc compact core of 3C 390 3 is 
shown in Ciir. I superposed on a radio-brightness map 
of this souicc ubiiiiicd from observations at 1407 MH/ 
with the ('ambfiilge 1-mile interferometer (Macdotiald 
cl al I9fi8). This position is cotncidcm with that of the 
near-central ladiocompoticiii observed by Harris (1972) 
and with the IcKalion of an N-galaxy (I8''45"’37?93 i 
.06, 79*-I3'5"5 ± .9, l.u and Frederick 1967) thus con 
firming the optical identification 


560 Axi J lllti, lunc IV7* 


IKKM-EiSt/fS/iJOt-OSeoViO Vll 
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561 


Tah lf I. StHirco with ilctccicU compaci anct in October IY?4 


Source 

name 

o- 1 11.50.0) 

J.(|1500) 

Total 

flux 

denxuy® 

iJv) 

Projected Baseline 
Position 

Length anKi; 

(lO-X) (^) 

CorreUted 

flux density^ Optics'll 

(Jy) idenliricalK/n^ 

4C 670> 

02“24"'4i;i4(2) 

67-07'.39:3»(4) 

1 93 

' 19.8 

2 bX 

1 95 

•• 




19 9 

267 

1.97 





22.1 

193 

1 46 





22 1 

192 

1 50 

4C 5S.lt> 

OS 31 04 )4(2| 

55 44 41 3(2) 

3.49 

211 

|99 

1 39 Gala«s“' 





21 9 

191 

at 03« 





18 5 

266 

1 n 





lb 6 

267 

097 

re )oi 1 

14 5S 5n 66(M 

71 52 11 4(5) 

I 18 

21 9 

207 

0.75 OSO (r ■= 0104)»“' 





21.9 

21>6 

0 7.3 

3C 371 

1807 18 6M8) 

69 48 57 I(4» 

1 46 

21 7 

226 

138 NGalawK’ 

)C 390 3 

l» 45 31.7(2) 

71 43 06 5(5) 

I 26 

21.1 

22 ^ 

0 4n N Galasv (.- • 0.057)'‘'«*l 





'll 

224 

057 

OW 63' 

70 21 13 77(5) 

61 37 10 1(1) 

1 91 

21 9 

232 

0 89 Galaxv*'* 





21 9 

231 

092 

31 4|S 

:n np ■.490(61 

51 (W 35 6h(3) 

3.35 

21 5 

247 

141 Candidate 0‘5‘T*' 






21 6 

2*6 

1 44 


* n and 5 arc the nght 'cenMon and dedtrulion. rcN{Ck.t:vcl>.caii.uUtcd from ihc dcU>s and dclj) raic^obiatncd in the 1974 Ocu^ttcr ex- 
pcvr^rnl. except for 3^' 41K whu»c poxuion ix from Cl j*k ef ci IV?6 1 he numbers in p3renlhc>o arc ihe lormai standard errors in ilic last 
si^nilicant ii|urcx shown tlhplic aberration has been removed 

^ The rrrnr in total flux densiiy is abi-*ut 0 OK J) not including the effects of pimibic pointing errors, which vxcrc estimated to be no more 
than IQ'b of the half-beam^xidih at half >^wcr of either telescope 

' The uncLruint> in each corrclaicd flux densiis is shout 5%. not in*. effects of j ov^ible =i ng errors 

^ The rcltrenccx are. (a| Vc*t>n (i97U; (bt Burbidgc and liurbidgc i (c) Wjndiiarn O'*"*'*. i*i) Sandage (19601. tel Pension er ul. 
( |971 ): (f) Kadivieh and Kraus (1970. and (g) Knstian ef u/ ( l‘*74) 

* A large number of pant) errors resulted m an u.tlinown decrease in the nijgnilude ol ‘ticctureijiien (see WuteK 1975 and W iilcis ft ui 
19-6), 


All the sources listed in Table I, except perhaps 3C 
371. arc p.*.:>alK rcsoKcd b\ the (IN interferometer. A 
summary of other successful VI. Bl observations of these 
sources is given in Table II. 7 he remaining ^0 sources. 



! to I V radio brightnexx mapof .K 390 3 obtained b) the Cam- 
bridge I le interferometer operating .it a (requenev of 1 4 GH/ 
(courtev) ni Macdur.ald r/ a/ I96K) 1 he cross marks the optical po- 
sition %>i jii N-gala«y (Sand.igc 1966. Lu and Frederick 1967). the 
radio pov* n of the ncar-ccniral conipunenl observed at 2.7 and 5.0 
Oil/ tIUrrix i y 72). and our position (or ihc cumpaci core ubxuvcd 
at H Gltr The local brightness maximum in the map just to the 
northv«. the cross may be due to stdclobc structure in the Cam 
bndgeinic erometer I Mirris 1972) The asterisk marks ihc pOMtion 
^ivcn in .in ^ R AO source list 1 1971. unpuhlishcd). which is offset from 
lhato(': 'rnipacl core bv almost I aremin 


for whi.'h an\ correlated flux density was below the de- 
tection limit of about 0.3 Jy, arc listed in Tabic III. 

Two of the sources with delectable cores. 3C 418 and 
4C 67.05, were also observed with higher resolution in- 
terferometers. The resulting correlated lliix densities arc 
r-e'cn'rd in Figs. 2 .md 3 and arc discussed lx:Uiw; the 
obsersed closure phases were not Maniricarily iliffcrc-' 
from zero. Relevant auxiliary infoiiualion is giten .a 
Table IV. 


TsBlvIl Sutnniars of othci VI Bl observations j| s iir.r ; 

cores in tad',) w)urc^^Oii^h^ecbnatum^^^_^^__ 


Source 

X(cm) 

Total 

brselmc 

length 

{l&k) 

Corrclaicd 

dux 

density 

(Jy) 

Rcfercnvc* 

4C 67 05 

13 

too 

>01 

(a) 

4C 55 16 

13 

25 

1 4 

(b) 


13 

100 

>0 I 

(.-' 

3C 301 I 

13 

100 

0 1 

K 


18 

4. 10 

7 0. 1 2 

(d) 

3C37I 

3 8 

100 

05 

(cl 


13 

25 

05 

thi 


13 

too 

>0 1 


3C I 1 O 3 

37 

4 

06 

(0 


0 

6 

06 

tgl 


6 

100 

02 

(ll) 


1 3 

100 

>0 1 

(c) 

0>5 6.17 

13 

100 

>01 

u* 

3C4I8 

13 

too 

>0 1 

(U 


' Kcfetcnics .ite: (a) Prc.Inn el al (1175). (bl llrojericli rf u.’ 
(t'l''2». to Preston 1 1177), (d) Kellcrmann e; < 1 / ( I‘>'l I. le) t ' n 
Hat 1 1171 ). (f| Kcilctmannr; fll. tl17S|, (g) S.'nli ;i{l17l .d 
(h) Preusv rt «/ (1177). 
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Tabi Fill Sources wiih no delected compact cores m OctoJKf 1974. 


Source 

name 

n* *• ( 1950 0) 

i‘( 1950.0) 

Tout 

f)us densiis* 

(J>) 

Projected baseline 
Position 

Length angle 

(lo^x) n 

position 

reference* 

Optical 

identification*' 

•K ll.l 

00^2"'S4;2 

63*42 09- 

0.39 

21.9 

228 

* M 


3U.S6.0': 

01 07 54.3 

56 16 05 

095 

21 .C 

25^ 

UDPL 






21 8 

23S 



4C 72.0; 

01 22 17.0 

72 31 06 

0 18* 

21 2 

240 

4CP 


4C’7| 01 

07 36 19.0 

7 1 50 30 

0 19« 

207 

253 

4CP 


3C91 

03 34 01 7 

50 36 04 

0.95 

21.3 

2>0 

1 SI 

Obs5 ufc Field'*' 

4C 67.09 

03 41 52.5 

67 56 44 

<0.04' 

208 

254 

BUH 

Gala^y'^' 

4C 76 03 

04 0) 57.4 

76 46 54 

C45 

20 7 

250 

TM 


4C 74 08 

04 07 05 0 

74 43 23 

2.10 

19.0 

294 

4C 






214 

213 



4C 60 to 

06 39 36 6 

59 58 28 

0.41 

18 8 

275 

BDH 


4C 69 10 

06 55 56.4 

69 33 

0..’6 

|9.S 

27U 

BDhi 


4t 56.16 

07 45 50 0 

56 02 00 

0 48 

19.5 

257 

4C 

r.jlaiv»» 

3C 231 

09 51 43.0 

69 54 59 

l.»2 

22 0 

201 

RDtL 






189 

284 



4C 55.17 

09 54 1 5.5 

55 37 06 

1 77 

21 8 

184 

Bill 1 

fandiJate OSO*'* 





18 6 

274 



D.A 302 

1 25 41.3 

58 50 22 

0 14' 

22 0 

178 

BDI L 






17.0 

289 



3C 263 

It 37 10 8 

66 04 28 

0 53 

72 1 

17* 

BIML 

QSO(z*U 643»“" 





17! 

300 



4C 55.22 

It 52 46 9 

55 10 44 

<004' 

17.3 

?n • 

BPl 1 

Gala\>'*' 

3C26* 1 

n 57 48 5 

73 17 40 

051 

7! 9 

i V 

P'.Vlt 






18 6 

293 



3C 282 

13 06.31 3 

66 OC 10 

0.26' 

20.7 

255 

BDFl. 

Galanv*'’ 

4C 62.22 

13 58 57.8 

62 25 03 

0 87 

213 

246 

BtlFI 






22 1 

I9» 



3C 295 

1409 33.6 

52 26 14 

3 61 

20.6 

2.S7 

miFi 


3C 343 

16 14 0) 4 

52 51 43 

067 

21.7 

237 

BDFl 

Candidate QSO'*' 





2:1 

203 



3C 341 1 

16 37 55.1 

62 40 .14 

0 57 

20 3 

261 

BDFl. 

Galjx\'<’ 

3C 361 

17 47 12.1 

59 44 1 5 

031' 

22 i 

204 

|■VVM 


4r 53 42 

17 54 00 t 

53 06 40 

0 26* 

21.8 

20) 

l-WH 


3C 381 

18 33 - 

V- , . 3 

C 40 

22 . 1 . 

202 

BDI 1. 

Gal.i\v'*' 

4C 55 16 

19 15 49.0 

55 )7 42 

6 47 

22.0 

200 



3( 402 

1940 72 7 

) 40 

0.5o 

21 8 

21 ; 

BDFL 

Galjx\0" 

3C 429 

21 U J 

62 U2 as 

0 43 

21 1 

250 

Hm 1 . 






21.5 

239 



3C 440 

22 01 50 4 

62 25 57 

0 65 

21 9 

.Ml 

BDFl 

Galaxy •*' 

30(.S 1 

23 4K2h8 _ 

64 23 37 

0.39 

21 5 

241 

BDFL 



* o and M e the nghl .iswcnsion and declination, respctt'vely. used for pointing durin? the exj'et: urn 

*• The error in Ihc total fiu^ density is about 0.08 Jy. not including elTects of possible fwinting errors \ alucs given as <0 04 indicate that 
no total prmrr above the 0 04 iy threshold of detectability uas obsened at that position. 

* I he references are- 4C — Gower el at (1^67); 4CP - Caswell and Crowlhci (1969). Bl)l L— Hr idle et a! (1977). TM homaloni and 
Moffet 119'*!. and I’VV M Pauliny - Toth el o/ ( 

^ I he rfi enccs arc (a) Wymihani n9()j>): (b) ( aswcll and W iII.n t 19 o 7|: tvl \ eron ( 19 71 1 . tdl Hiiiner er . 3 / 1 196<;). (e| W tils ( ',96*). 
(0 Mink >w I (I960); (f ) Kristian and Sandage (1970). and (h) \ cron and Vcrgti (1975). 

* Thc'C stMjfccs proved lotv weak for ,iny core lo hive been dclrcted. 


Ill UISCl-SSION 

1 lit data ''rom the October 1974 experiment allow us 
to estim.i'c .1 maximum size lor the core ol' each of the 
seven sourtts for winch fiinpe.swcre detected: .issiiminp 
that ine radio brightness dcstribution of each of these 
compact I s ran be represented by a circular (inussinn 
function k ds ai. ipper limit of about 5 milliarcscc for 
the diim- '-’r of the con'cii’’ of brightness density e"*'’ 
limes that < f Ihc center (hereafter "diameter’'). The 
addition.il observations of 3C 418 and 4C 67.0.S allow 
us to draw more detailed conclusions about the structure 
ot these sources. The existence ol another, lower rc.so- 
liilion, siiiils (Harris 1972) of 3C 390.3 also allows us 
lo make c. i lain eomnicnls on its structure 


The data fo- 3C 418, obtained from Vi Bl observa- 
tions over iransvoniincni.il and inicrconiincrial baselines 
spanning, at lii.ies, (ioldsione. Calil'orma to Onsala. 
Sweden, disclose .; very eonipaci core that comrihntcs 
a correlated Mux density of ib.'UI I S Is and has a di- 
ameter smaller than 0.4 milliaiesee. 

The maximum in the correlated llirx density for 3C 
41 H observed with the HN imcrfcroineierai a resolution 
■ :/, corn-' p .. iir.g .j the maximiim far that b.i.wlinc is 
indicative of the presence of an asymmetric, extended 
component. Subtracting the core flux density obtained 
with the longer baselines from Ihc correlated flux den- 
siiics ubiaincd with the I IN imcrferurncter during the 
same experiment, and matching the remaining 2.3 Jy of 
the total flux densily to an elliptical Gaussian model of 
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^ I 






Iabi.i IV 

Aueili:ir\ inforiTUtion on -x 

pcriinents. 






Ircuucncv 

Polai- 


Total Hux Density (Jv) 

FA|»c'’incnt Date 


Anlcnna^^ 

(MH/I 

i 7.1 1 ion** 

Symbol 

44. 418 

4C 07.05 

4Mct>- > I>>'1 


(III 

7SHI 

1. 

A 

4 9 1 0 2 


40 41 M.; oh I973 


Gil 

7850 

1 

V 

4.8 ±0 2 


17-24 Mav I071 


GIIS 

7850 

1 

o 

.3 7 + 0 


lu 14 Aul'iliX 1973 


(illNj 

7ft>u 

L 

I 

4 1*02 


2(. 2x0 ber l<)74 


IIN 

7850 

1 

X 

4 4 ± 0 1 

1 9 ± II 1 

24 Auauv' i‘>75 


Gil 

R420 

R 

4 


1 9 ±02 

15- I6(»ci tier 1075 


GUN 

7850 

R 

o 


M ±0 1 


• Here ihc f>4 ni dinmclcr antenna in Gold<.lone. Calirornii. II ■ the P m diameter antenna in WeMfnrd. Maksachusctl^; N ■ the 41 
it. diann anlcnnn in Gri cn Bank. WcM Vir^ima.S ■ the 26 m diameter antenna in OnviU. Sv^cdcn 

** Mere t\ 3 right circular and L ■ left circular puhiri/ation. 

*Thc l>oU appear in I igs 2 and 3. 
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Kv>c<l on iht ddta frctuOctul>c( !^‘’5 and l!lp!ic4lC.»u»isun 
model of (he raiio brightness distribution (see text) 


a compact core which is priially resolved b) the trans 
continental interferometers: the correlated flux densities 
on each o! hese two baselines (Table IV) exhibited a 
maximum near minimum resolution. A four-parameter 
elliptical C. ..ussian model of the source, when matched 
in a least" ,iiarcs sense to the correlated flux densities 
and the c! 'jre phases from October 1975, shows that 
thecoici . iiibutcs 1.72 ± 0.05 Jy to the correlated flux 
density ar ' has diameters of 0.6 ± 0.2 and 0.2 ± 0 2 
milliarcsci. 'ith the major axis having a position angle 
of -1 7° ± 7’ The correlated flux density predicted from 
this model i shown as the solid line in Fig. 3. Due to 
unexplained, and different, decreases in the correlated 
flux densities for the data from the different baselines 
involved in this experiment, these data were scaled ba.scd 
on the a.v ' .'ipticn that the compact structure of PKS 
2134 + 0(14 is not time variable (see, for example, Wit- 
iclsi'fu/ 5). If this scaling priKcdurc is correct, the 
60A> incrc„ in correlated flux density, found with (he 
Hli inlcrfc iictcr bet -cn August 1975 and October 
1975, indie ,es that an outburst was in progress. Miti- 
gating ag.iT ’ the correctness of this procedure, however, 
is the fae t the total flux density probably increased 
bv no more than 20% in this time interval (see Table 
IV). 

I ow-resolution observations of 3C 3 by Harris 


(1972), as mentioned in See. 11. disclosed a component 
coincident with the compact core we observed. This 
component had a flux density of 0.35 ± 0. 1 and 0.35 ± 
0.05 Jy, respectively, at 2.7 and 5.0 GHz. In combination 
with oiir (average) measured value of 0.51 ± 0.05 Jy at 
7.85 <illz. the flux densities suggest cither that the 
spectrum of the core is inverted or (hat the flux density 
is variable in this frequency range. With the values used 
by Harris for the redshift of ,3C 390.3 and for the Hubble 
constant. 0.057 and 1(X) km s“‘ Mpc”*. icspcctively. we 
can reduce the upper limit on the diameter of the core 
from 2 kpc to about 3.5 pc, still well above the 0.3 pc ni/c 
assumed by Harris in his computation that yielded an 
energy within the core of ~10'^ erg. 

IX COM I.I SIONS 

V l.lll observations, over a baseline of length 20 X 
ICX at X = 3.8 cm. disclose compact cores in seven out 
of 37 candidate sources with declinations above 50 deg 
I'or these seven sources, the cores have diameters esti- 
mated to be smaller than about 5 milliarcscc and flux 
den.-.itics between about 0.5 and 2 Jy (see Table 1). In one 
of these sources. 4C 67.05. the radio brightness of the 
core can be adequately represented by an elliptic.il 
Gaussian function with major diameter smaller than I 
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milliarcscc. I'or another such source, 3C 41 K. the com- 

' u siiUillwi iluii4 0,^ »iut4iaiC2kCw aitii . 

is accomp mied by an asymmetric extended component. 
For the it) other sources, an upper limit of about 0.3 Jy 
\fcas placed on the flux density of any compact core. 
Cauli.jn hould be exercised in drawing statistical in- 
(jprem.. bout the fraction of sources with compact cores 
whose accompanying flux densities exceed a given limit 
since the sample duscussed here was incomplete and was 
sclccic*l w iih no consideration of possible bias. 


We indebted to the staffs of the participating ob- 
scn atorirs for their important aid. Some of the obscr- 
valion*- ;.>orled here were made as part of the Quasar 
Patrol sponsored by the National Aeronautics and Space 
Administration and the Jet Propulsion Laboratory. Ihc 


experimenters at the Massachusetts Institute ol Tcch- 
uoiog^ wcie ^bp^xMieU in pari oy me .laou^.a* .jcteiKC 
Foundation, Grant DES74-227I2, and in part by the 
National Aeronautics and Space Administraiion, Grant 
NGR 22-009-836. Radio astronomy programs at the 
Haystack Observatory are conducted v iihs* pp iri f’-om 
the National Science Foundation. Gram MFS 7l-02iUV 
A07. This work also represents one phase of research 
carried out at the Jet Propulsion Laboratory, California 
Institute of Technology, under Contract NAS 7-!fK) 
sponsored by the National Aeronautics and Space Ad- 
ministration. The National Radio Astronomy Obser- 
vatory is operated by Associated Universities, Inc., under 
contract with the National Science Foundation. The 
VI. Bl program at the Onsala Space Observatory is 
supported in part by the Swedish Natural Science Re- 
search Council and the Sw edish Board for Technical 
Development. 
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Curtis A. Knight,* Chopo Ma,* Douglas S. Robertson,'* 
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Alan R. Whilncy," and Jill J. Witlels'* 


Introduction 

Very lung baseline interrerometry (VLBI) is one of the most piomising tools 
now under dcvelcpmcnt for making global scale geodetic mcasurrments. It was ^ 

Note — Discussion open until April I, 1979. To extend the closing tlilc one month, 
a written request must be Tiled with the Editor of Technical Publications. ASCE. This * 
paper is part of the copyrighted Journal of the Surveying and Mapping Division, Proceedings 
of the American Society of Civil Engineers, Vol. 104. No. SUI. November, r'^H. Manuscript 
was submitted for review for possible publication on November 22. 1977. 

‘Presented at the October 17-21, 1977, ASCE Annual Convention. Exposition and 
Continuing Education Program, held at San Francisco. Calif. 

'Mathematician. Geophysics Branch. Goddard Space Flight Center. Greenbcit. Md. 

’staff Scientist, Lab. for Extraterrestrial Physics, Goddard Space Center, Greenbelt, 

Md. 

'Sr. Scientist. Applications Directorate. Goddard Space Flight Center, Greenbcit. Md. 

‘Research Assoc., Dept, of Earth and Planetary Sci., Massachusetts Inst, of Tech., 
Cambridge. Mass. 

’Research Assoc., Dept, of Earth and Planetary Sci.. Massachusetts Inst, of Tech., 
Cambridge. Mass. 

‘Assoc. Prof., Dept, of Earth and Planetary Sci.. Massachusetts Inst, of Tech., 
Cambridge, Mass. 
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'Research Assoc., Dept, of Physics and Astronomy, Univ. of Maryland. College Park, 
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'"Geodesist, Gravity, Astronomy, and Satellite Branch. National Geodetic Survey, 
Rockville, Md. 

"Group Leader. VLBI Group. Haystack Observatory. Westford. Mass. 

"Prof., Dept, of Earth and Planetary Sci. and Dept, of Physics, Massachusetts Inst, 
of Tech., Cambridge, Mass. 
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Principles of Very-Long-Bascline Inierfcromelry 

Irwin I. Shapiro 

Departmcnl of Earth atul Pbnelary Science* 

Ma*MChu»ett* Institute of Technolo*y. Cambridge, Massachusetts 02I.W 


Abstract . We present the basic princi- 
ples of very-long-baseline interferometry 
as related to its use in the determina- 
tion of vector baselines, polar iiotion, 
and earth rotation. 

Introduction 

Ten years ago, almost to the day, the 
first successful bandwidth-synthesis VLBI 
measurements were made. It is thus appro- 
priate to now review the principles urider- 
lying the technique. The review will be 
restricted to aspects relevant to geodet- 
ic applications that involve observations 
of extragalactic radio sources. In such 
applications, arrays of two or more radio 
telescopes observe any given source simul- 
taneously. From sets of observations of 
a suite of such sources, one can obtain 
the desired geodetic information: base- 
line-vector, polar-motion, and earth- 
rotation parameters.* 

We shall first describe briefly the in- 
strumentation used in these observations 
and then discuss the basic observables 
and their simplest interpretation. Fi- 
nally, we consider some complications 
of the interpretation due to the various 
geophysical "signals" and non-geophysical 
"noise" that affect the observables. 

Instrumentation 

A VLBI system consists of an array of 
at least two antennas that observe the 
same radio source simultaneously. A di- 
rect electrical connection is not main- 
tained between the antennas, thus allow- 
ing them to be separated by thousands of 
kilometers. The local-oscillator signals, 
used at each antenna to convert the radio- 
frequency signals from the source to the 
video (low-frequency) band, are derived 
from a frequency standard at the site. 
These standards are sufficiently stable 
that the relative phases of the signals 
from the source received at the two an- 
tennas are preserved. 

•Several groups are currently engaged in 
such geodetic applications of VLBI: (1) 

A group from the Goddard Space Flight Cen- 
ter, the Haystack Observatory, the Massa- 
chusetts Institute of Technology, and the 
National Geodetic Survey; (2) a Jet Pro- 
pulsion Laboratory - National Geodetic 
Survey group; and (3) a Canadian-British 
collaboration. A European consortium is 
also being organized for similar purposes. 
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The video signals are recorded on mag- 
netic tape at each site, with the refer- 
ence time for the recordings being de- 
rived from the same standard as is used 
to govern the local-oscillator signals. 

The tape recordings are then transported 
to a consnon center where those recorded 
simultaneously are cross-correlated to ob- 
tain the basic VLBI observables. 


Observables 

The basic observables in geodetic VLBI 
experiments are (i) the difference in the 
times of arrival at two antennas of a sig- 
nal from a source; and (ii) the rate of 
change of this time difference. The 
measurement of the time-of-arrival dif- 
ference can be of two types : the phase- 
delay difference or the group-delay dif- 
ference. The phase-delay-difference ob- 
servable (hereinafter "phase delay") , 
being based on measurements of phase, can 
be obtained very precisely, but usually 
«unbiguuusly , due to the inability to re- 
solve the "2nn" problem. The group-delay- 
difference observable (hereinafter "group 
delay") is usually determined with less 
precision than is the phase delay. But 
the group delay, being determined by the 
rate of change of phase delay with fre- 
quency, is usually unambiguous. To ob- 
tain reasonable accuracy in the measure- 
ment of group delay it is necessary to 
make phase-delay measurements over a wide 
band of frequencies simultaneously, or 
nearly simultaneously, since the uncer- 
tainty in the group-delay measurement is 
inversely proportional to this bandwidth. 
In practice, only a relatively narrow 
band of frequencies can be recorded. But 
this btnd can be split up into narrower 
bands which are spread over a very wide 
band. This technique is called bandwidth 
synthesis. In the newest, Mark III, sys- 
tem (see below), 28 r irrow bands, each 2 
MHz wide, are being distributed over a to- 
tal band of up to 4^j0 MHz. If the error 
in the measurement of phase for any one 
band is o(^), then the error o(Tg) in the 
measurement of the group delay will be 
given by o(Tq) ' a(()i)/Af, where Af is the 
rms spread of the center frequencies of 
the individual bands about their mean. 
Because these individual bands do not cov- 
er the entire spanned band, the estimate 
of the group delay, too, could be ambigu- 
ous. However, a proper choice of the 
spacing of the individual bands, as ex- 
plained below, can insure that any inher- 
ent ambiguity can be eliminated reliably. 

The difference of the phases of the 
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signals that would be received at two an- 
tennas as a function of frequency exhi- 
bits curvature due primarily to the ef- 
fects of the earth's ionosphere: the low- 
er the frequency, the shorter the phase 
delay. The actual shape of the phase vs. 
frequency curve for VLBI observations 
will depend on the relative amounts of 
plasma between the source and the two 
sites. But with appropriate spacings of 
the narrow bands, one can "connect" un- 
ambiguously the phase at one band with 
those at all the other bands. For exam- 
ple, bands spaced in accord with a geo- 
metric series allows use of a bootstrap 
technique to connect phases first between 
the closest Lands and then between the 
more widely separated bands through use 
of the characteristics of the curve es- 
tablished by the connection between the 
closest bands. Of course, the "absolute" 
phase would still be uncertain by mul- 
tiples of 2ir , but the relative phases be- 
tween bands would be freed from any such 
ambiguity. Only the relative phases af- 
fect the group delay which is equal to 
the slope of the curve of phase delay vs. 
(angular) frequency. 

Information Content 

We now consider the information con- 
tent of the observables under sin^lified 
assumptions. In particular, let us ig- 
nore the propagation medium and assume 
that the earth is rigid and rotates with 
a constant, Itnown, angular velocity. We 
may then write the expression for the de- 
lay observable as a function of time as: 

T(t) - iS(t)*fi + It-t. ) , (1) 

c 

where % is the baseline vector connecting 
a pair of antennas, s is a unit vector in 
^he direction of the source, and t, and 
are, respectively, the offsets in 
epoch and rate of the cloc)c at one site 
with respect to those at the other site. 
This equation represents a diurnal sinu- 
soid added to a straight line. The first 
term in the equation contributes the di- 
urnal sinusoid due to the rotation of the 
baseline vector in inertial space. The 
slope of the straight line is due to the 
cloc)c-rate offset and the intercept is 
due to a combination of the cloc)c-epoch 
offset and the product of the polar com- 
ponents of B and B. Clearly this curve 
can be specified by four parameters: 
the intercept and slope of the straight 
line, and the amplitude and phase of the 
sinusoid. (We do not consider the period 
of the sinusoid, since that is given by 
assumption.) Thus four measurements of 
the delay suffice, in principle, to de- 
termine T (t) ; any additional measurements 
will be redundant. But how many un)cnown 
parameters are there for this situation? 


Naively, one would conclude that the be 
line vector contrlbutos three, the soui l 
two, and the cloc)cs two, fur a total of 
seven. However, the origin of right as- 
cension of our system is arbitrary; only 
the origin of declination is fixed by the 
assumption of a )cnown angular velocity 
for the earth. Since the right ascension 
of the source can be used to define this 
arbitrary origin, the number of un)tnown 
parameters is only six. Nonetheless, a 
unique solution cannot be obtained for 
these six parameters from observations of 
a single source. Observations of each ad- 
ditional source adds two un)cnowns: the 
coordinates of the source on the plane 
of the s)«y. But such observations 
also can be used to determine three ad- 
ditional parameters: the Intercept of the 
straight line and the amplitude ''base 
of the sinusoid appropriate for .tie ad- 
ditional source. The slope of the 
straight line provides no new information 
since it is determined solely by the 
cloc)c-rate offset. It is clear that with 
four observations of one source and three 
each of two more sources, a useful solu- 
tion for all of the parameters of this 
simple model can in general be determined. 
(The measurements of delay rates simul- 
taneously do not reduce the requirement 
for observations of three sources.) The 
accuracy of the determination of these 
ten parameters will depend, of course, 
not only on the accuracy of the measure- 
ments of delay (and delay rate) , but also 
on the baseline, the distribution of the 
sources in the sky, and the distribution 
of the observations in time. 

Conplications 

The situation actually encountered 
with VLBI is, of course, far more compli- 
cated than outlined in the previous sec- 
tion. We can conveniently divide these 
complications into two categories: sig- 
nals and noise. Here signals refer to 
those effects on the observcd^les which 
are of geophysical interest, and noise 
refers to those of no intrinsic interest. 
(This point of view, needless to say, is 
a rather parochial one since one person's 
noise is often another's livelihood.) 

We Snail consider pr>'cession, nutation, 
solid-earth tides, crustal motions, varia- 
tions in UTl, and polar motion to be sig- 
nals. On the other hand, cloc)c instabil- 
ities and uncertainties in our )cnowledge 
of source characteristics and of the pro- 
pagation medium shall be considered as 
noise. We discuss each set In turn. 

Signals 

Precession and Nutation . Changes in 
the direction in space ot the spin axis 
of the earth with periods long compared 
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to a day art aenaad with VLBI thro’.igh the 
corresponding changes In the coordinates 
of the radio sources. These changes will, 
however, preserve the arclengths between 
sources. At present, estimates of the 
precession constant made from VLBI meas- 
urements have an uncertainty of a few 
tenths of an arcsecond per century .several- 
fold larger than the uncertainty associ- 
ated with the presently accepted value 
based on optical observations. The VLBI 
estimate is consistent with the optical 
one to within twice the formal standard 
error of the former. No estimates of any 
of the nutation terms have yet been made. 

Solid-Earth Tides . The semi-diurnal 
solid-earth tide imparts a distinctive 
signature to the VLBI observable, since 
almost all other effects introduce a di- 
urnal signature. The maximum magnitude 
of this effect on the observable has been 
slightly greater than one nanosecond. 

Thus estimates of the local values of the 
vertical and horizontal Love numbers, ^ 
and h, can be obtained from VLBI data. 
Current estimates agree, to within thei\ 
uncertainty of about 0.05, with the "er- 
pected" values. 

Crustal Motion . Changes in crustal 
configuration can be sensed by long-term 
changes in baseline lengths; in addition, 
significant changes in the corresponding 
baseline directions for an array of an- 
tennas would signify crustal motions pro- 
vided that these changes were incompati- 
ble with a rigid rotation of the array. 

No measurements of crustal motions have 
yet been obtained from VLBI data, but 
there is every reason to believe that 
such motions will be detected within a 
few years. 

UTl and Polar Motion . Variations in 
the rate of rotation of the earth and in 
the position of the axis of figure with 
respect to the axis of rotation affect 
the directions of baseline vectors. As 
with the arclengths between sources v;ith 
rei pect to precession and nutation, the 
lengths of baselines are unaffected by 
such variations in the rate of rotation of 
the earth and in the position of the pole. 

We should stress that the VLBI observ- 
ables, for an arblt'ary baseline, have no 
sensitivity to the "initial" orientation 
of the earth and direction (in space) of 
its axis of figure. Only changes in these 
quantities can be detected. In addition, 
any "common -mode" errors in the epoch set- 
tings of the cloc)cn at the antenna sites 
will be indistinguishable from correspon- 
ding changes in the orientation of the 
earth about its spin axis (UTl). Finally, 
note that VLBI data obtained for one base- 
line are sensitive to only two indepen- 
dent combinations of the three parameters 
needed to specify changes in the position 
(in space) of the axis of figure of the 
earth and in the orientation of the earth 


about this axis; Such changes affect 
only the direction of the baseline which 
is described by only two independent 
parameters. Consider, as an example, a 
wholly north-south baseline. With such 
a configuration, the VLBI data would have 
no sensitivity to a rotation of the earth 
about the pole. For an east-west base- 
line, on the other hand, polar motion in 
a direction along the meridian of the mid- 
point of the baseline would not affect 
the VLBI observables. In both these 
cases, the baselines would undergo paral- 
lel displacements which cannot be detect- 
ed from observations of sources "at in- 
finity." Two baselines, or at least three 
antennas, are needed in a VLBI array to 
detect all three components of the chan- 
ges in UTl and pole position. These base- 
lines must, of course, not be parallel. 

Estimates of UTl and polar motion from 
VLBI data now have accuracies comparable 
to those of other techniques , such as the 
classical optical methods, the Doppler 
f'acjcing of satellites (for polar motion), 
and the laser ranging to retrof lectors on 
the moon (for UTl) . It is expected that 
the accuracy of the VLBI estimates will 
improve nearly tenfold within the next 
five years due primarily to the intro- 
duction and use of the new, Mar)i III, 

VLBI system. A prototype of this system 
has already been tested successfully; 
five copies of the complete system are 
currently under construction for place- 
ment at suitably distributed antennas. 

It will be important to chec)c the im- 
proved detezminations of polar motion and 
UTl through redundancy and through com- 
parison with the results from other im- 
proved techniques in order to assess the 
accuracy of these determinations. 

Noise 

Cloc)c Instabilities . The two parame- 
ters, for cloc)i epoch and rate offsets, 
do not provide an adequate representation 
of the relative behavior of the cloclcs at 
any two antennas of an interferometric 
array over the period of many hours need- 
ed to determine the baseline vector, 
source positions, etc. This statement 
applies to the current field units of all 
atomic cloc)cs, including the hydrogen- 
maser frequency standards. 

A number of possibilities exists to 
minimize the impact of these cloc)c insta- 
bilities on the accuracy with which geo- 
physical Information can be extracted 
from VLBI data. First, one can use high- 
er-order polyncxnials to represent the 
relative cloc)( behavior; here the point 
of "diminishing returns" sets in at about 
the sixth order. Second, the cloc)c per- 
formance, especially of hydrogen-maser 
standards, can be improved to match that 
achieved in the laboratory. The sensiti- 
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vity of the maser standards to environ- 
mental effects can also be reduced to 
minimize the introduction of diurnal sig- 
natures into the VLSI data. Third, one 
can reduce the effects of long-term 
drifts in the relative clock behavior by 
using clock stars. Thus, one can make 
observations repeatedly, say every hour, 
of some suitable source and use tnese ob- 
servations to correct for the relative 
clock drifts. To be suitable, this 
source should be visible from both sites 
for a large fraction of the diurnal cy- 
cle and should yield a reasonably large 
correlated flux density so that accurate 
delay observations are possible to make. 

Source Characteristics . The radio 
sources affect the determination of geo- 
physically interesting quantities through 
the strength of their radio emissions, 
their distribution on the sky, and the 
accuracy with which we can determine 
their positions. These positions, in 
turn, depend on the structure and inter- 
nal kinematics of the regions of radio 
emission in each object. 

At present, the entries in the catalog 
of known, and potentlally-usable , extraga- 
lactic radio sources number in the hun- 
dreds. Positions of a few dozen of those 
with the strongest emissions are now be- 
ing determined routinely with an estima- 
ted accuracy of about OH 02, except for 
the declinations of sources that lie near 
the equatorial plane. The accurate de- 
termination of the declination of those 
sources requires the use of interferome- 
ters with baselines that possess large 
components in the north-south direction. 
Few such baselines have so far been avail- 
able for extensive sets of measurements. 

Aside from the examination of the char- 
acteristics of the postfit residuals, the 
main method for assessment of the accura- 
cy of source-position determinations is 
the comparison of results obtained with 
different equipment. Such comparisons, 
made several years ago and based on data 
obtained with somewhat less advanced VLSI 
systems, showed agreement to within about 
0:0C rms. (Note that a OVOOl error in 
source position corresponds approximately 
to a two-centimeter error in length for a 
4,000-km baseline.) 

Most extragalactic radio sources are 
not "points" when viewed on the scale of 
milliarcseconds. Rather, they exhibit 
complicated structure. This structure 
in their brightness can be mapped and a 
suitable feature in the map, or the over- 
all center of brightness, can be used as 
a reference point. There are, however, 
technical difficulties in the determi- 
nation of unambiguous brightness maps. 
These difficulties are being overcome 
and reliable maps on the scale of tenths 
of a milliarcsecond are now being ob- 
tained for some of the radio sources. 


Titere is yet a further difficulty in 
the use of extragalactic radio sources: 
most are not static. Dramatic changes 
have been observed in the brightness 
structure of some of these sources at 
the level of tenths of a milliarcsecond 
in 2 uigular resolution on a time scale of 
a few months. Thus, to enable positions 
of extragalactic radio sources to be used 
effectively as a reference system at the 
level of milliarcsecond accuracy for geo- 
physical applications of VLSI, one must 
monitor tlie brightness distributions of 
these sources as a function of time and, 
perhaps, as a function of radio frequency 
as well. 

Propagation Medium . In regard to any 
substantial effects on VLBI data, the pro- 
pagation medium can be considered to be 
composed of two components: the iono- 
sphere and the troposphere. The effects 
of the ionosphere can, and will, be virtu- 
ally eliminated by observing simultaneous- 
ly in two widely separated radio frequen- 
cy bands (~2GHz and rSGHz) . The Mark III 
VLBI system is equipped for such dual- 
band observations. Moreover, enough suit- 
^d^le sources exist to allow effective use 
of the dual-band technique. 

The troposphere is in effect non-dis- 
persive at radio frequencies and is there- 
fore a more troublesome contributor of 
noise. The troposphere can also be de- 
composed into two components: wet and dry. 
For the latter, the assumption of hydro- 
static equilibrium is a very good one; 
measurements at each site of surface pres- 
sure combined with a good model of the at- 
mosphere, then allows a good estimate to 
be made of the phase delay added in the 
zenith direction by the dry component: 
about 7.5 nanoseconds (equivalent to an in- 
crease i** path length of about 2.3 m). It 
is widely thought that the error in this 
estimate can oe kept at the 0.1% level or 
perhaps below. Mapping to other zenith 
angles, however, will increase the error 
somewhat since the "slant" atmospheric 
path length cannot be determined so ac- 
curately from the pressure measurement 
at the antenna site. The situation with 
the wet component is more difficult. The 
water-vapor in the atmosphere is not in 
hydrostatic equilibrium and is quite 
variable in amount. Although the total 
effect on the path length of radio waves 
is, on average, only about 7% of that of 
the dry component, the wet component can- 
not be modeled accurately. Various sim- 
ple techniques have been used to try to 
ameliorate this problem. Such techniques 
involve various combinations of model at- 
mospheres and mapping functions with or 
without dependence on surface measure- 
ments of temperature, pressure, and dew 
point, and with or without parameters 
that can be estimated for each site from 
short, -B hr, spans of data. Unfortunate- 
ly, these techniques may well be defi- 
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cient, especially for long baselines, in 
removing the effects of the atmosphere 
on the estimates of the "vertical" com- 
ponent of the baseline with which they 
are highly correlated. 

The technique which has elicited the 
greatest expectations for providing the 
solution to the wet-component problem is 
based on the use of radiometer measure- 
ments at each site of the brightness tem- 
perature of the atmosphere at and near 
the =23GHz line in the spectrum of water- 
vapor emission. Studies indicate that 
this brightness temperature can be rela- 
ted with reasonably high accuracy to the 
excess path length attributable to the 
water-vapor content of the atmosphere. 
However, to date, almost all VLBI results 
have been obtained without the benefit 
of water-vapor radiometer measurements. 

Atmospheric effects thus loom as the 
limiting factor in the accuracy achiev- 
able with VLBI in the determination of 
geophysical quantities. What will that 
limit be? An assessment based on theory 
alone is unlikely to be accurate. Meas- 
urements are clearly called for. Series 
of VLBI experiments should be made with 
supplementary water-vapor radiometer 
measurements, under a variety of local 
weather conditions, and for various base- 
line lengths. For short baselines, up 
to several kilometers in length, inde- 
pendent determination of the baseline 
vector can usually be made, with some 
effort, at the millimeter level of ac- 
curacy by means of conventional survey 
techniques. For long baselines, up to 
several thousand kilometers in length, 
independent means of verification at the 
relevant level of accuracy seem to be 
limited to laser ranging to artificial 
satellites or to the moon; such verifi- 
cation, however, will not be easy nor 
inexpensive for a number of practical 
reasons. The repeatability and consis- 
tency of VLBI results themselves may 
well have to provide the main standards. 
Since suitably accurate, and independent, 
estimates of UTl and polar motion may 
not be available, repeated checks on the 
individual components of the vector base- 
line will likely require multi-site ex- 
periments, say with four or more separa- 
ted antennas, to reduce the confusion be- 
tween UTl and pole position changes on 
the one hand and changes in baseline di- 
rection on the other. The many antenna 
sites serve to over-determine UTl and 
polar motion, with the redundancy pro- 
viding the meaningful check on the con- 
sistency of the estimates of some of the 
baseline components. For some combina- 
tion of the precision and the time 
spanned by the sets of measurements, one 
must be concerned also about the genuire 
changes in baselines expected from plate 
tectonics; of course, detection of such 
changes are a major purpose of the meas- 


urements. 

At present, checks on the repeatabili- 
ty of baseline determinations have in- 
volved primarily two-element interfero- 
meters. For short baselines, of the or- 
der of one kilometer in length, repeata- 
bility has been obtained at the five mil- 
limeter level in all components, and 
verified later by the results of a con- 
ventional survey. For long baselines, 
of the order of several thousand kilo- 
meters in length, only repeatability in 
baseline length has been meaningful; here 
the spread about the mean in a recent 
series of a dozen sets of measurements 
was under five centimeters. The source 
positions used in the analysis of each 
of these experiments were fixed in ac- 
cord with the results from the ensemble 
of experiments; errors in these positions 
tended therefore not to have a serious 
effect on the repeatability of the de- 
terminations of baseline length. 

Conclusion 

The future of VLBI as applied to geo- 
detic and geophysical problems, especial- 
ly to the determination of UTl and polar 
motion, looks quite bright. Although the 
last ten years have been devoted almost 
exclusively to the development of VLBI, 
the next ten should yield significant 
results. 
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Ahttrmet — Two hydrogcu-inaEcr clocks, ome si the Haystack 
Observatory hi MsMschuKta sad oae at the Natioaal Radio 
Astroaomy Observatory ia West Virgiaia, were synchrooixed by 
mcaas of very-loag-hascliBe iKerferometry (VLBI) observatioas of 
several extragala^ radio toarccs oa March 28. aad agahi oa 
S e yt e mber 23. 19T7. Observatioas were made sequentially ia eight 
3«MiHi bands distributed between about 8.4 aad R5 GHx with 
spadap desigacd tc enable the grou^eiay dUTerence between the 
signals received at the two observato^ from a given source to he 
estimated uasmbignoasly. whhia aa micertainty of Icm than 1 m set 
hy receiver noise. The epoch and the rate dilierences betweca the 
observatories* docks for each experiment were estimateJ by analysis 
of observatiom that spanned several boar s . The spplintion of 
corrections for the contributiom to the delays of the iiateaaas, feeds, 
receiver systems, and recorders, yielded ablate dciermiaatioas of 
the dock epoch differences. During each experhu'.nt. portable 
cesium dodu were flown from the U.S. Naval CImervatory in 
Washington. DC. to the observatories sad back. The tnivdiag-clock 
data, aaalymd in each case after the VLB! synchronintioo h^ been 
completed, confirmed the VLBI results to within 18aail 14 as for the 
first aad se c ond experiments, respectivdy. 

I. I-NTRODUCnON 

T N principle, it has been possible for several years to 
synchronize clocks accurately by means of very-long- 
baseline interferometry (VLBI) observations of extragalac- 
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Fig. 1. Block diagram of VLBI Terminal. Numbers refer to correspond- 
ing entries in Table I. 


tic radio sources [1], [2]. In fact, the atomic clocks utilized in 
many astrometric and geodetic VLBI experiments [3]-{^ 
have been synchronized with standard errors at the nan- 
osecond level or below. But these impressively small uncer- 
tainties have represented only internal, statistical measures 
of precision. Externally verifiable, or “ahsolute" accuracies 
have usually been limited to the microsecond level or above, 
by uncertainties in instrumental delays, and by unresolved 
ambiguities in the determinations of the group^ielay differ- 
enoes between the signals received at the two antennas [6]. 
Accurate absolute synchronization by VLBI was recently 
demonstrated for the first time for a short ( ~ I km) baseline 
[7], In this experiment, care was taken to estimate or to 
measure all instrumental delays and to resolve all delay 
ambiguities. Here we report the first accurate synchroniza- 
tion resulu fora relatively long, 84S-km baseline. Synchron 
ization via a real-time satellite link between widely 
separated VLBI sites was accomplished slightly earlier [8], 
but the accuracy achieved was nearly an order of magnitude 
lower than in our experiments. 

II. Experiments 

Our two synchronization experiments involved the 
hydrogen-maser clocks at the 37-ro diameter radio telescope 
of the Haystack Observatory in Westford, MA, and the 
43-m diameter radio telesrope of the National Radio 
Astronomy Observatory (NRAO) in Green Bank, WV. 
The first experiment was conducted on March 28, and 
the second on September 23, 1977. Fig. I shows a block 
diagram of the interferometer terminals used. 
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TABLE II 

Determination oe Difference Between Epochs Indicateu rv Havstacr and NRAO Clocrs 
FROM Comparison with USNO Portabie CS Clocks PC6S3 and PCI25S on 28 March 1977 


Line Number 

Clocks Compared 

Difference 

Time and Place of Comparison 

1 

PCS 5 3 clock epoch- 
PC1255 clock epoch 

(us) 

1.813 

13:10 OTC, 28 March 1977, in 
Washington, D.C., before depar- 
tures for VLBI sites 

2 

PC653 clock epoch- 
PC1255 clock epoch 

1.839 

03:10 OTC, 29 March 1977, after 
return to Washington, D.C. 

3 

Haystack clock epoch - 
PC 1255 clock epoch 

13.120 

19:11 OTC, 28 March 1977, at 
Haystack 

4 

NRAO clock epoch- 
PCS 5 3 clock epoch 

33.114 

19:28 OTC, 28 March 1977, at NRAO 

5 

NRAO clock epoch - 
Haystack clock epoch 

21.820 

Lines (4)- (3) (1) ♦ (2)1/2 


In these experiments, the difTerence between the grc ; 
delays of a signal traveling to the two sites from a distant 
quasi-stellar radio source was measured using a bandwidth 
synthesis technique [6], [9]. In particular, the signal in eight 
360-kHz bands, spaced between 8391 and 8491 MHz, was 
sampled sequentially. Each such multiband delay measure- 
ment had a 1 fts ambiguity imposed by a 1-MHz common 
divisor of the spacings between the centers of the narrow, 
360-kHz bands. However, the ambiguity was eliminated by 
using the less precise, but unambiguous, delay measurement 
obtained from the cross-correlation of the signals received at 
the two sites in a single 360-kHz band. 

To utilize these delay measurements properly in the 
synchronization of the clocks at the two sites, it was 
necessary to determine a number of instrumental delays. 
The delays due to the antennas and feeds were estimated 
from drawings, whereas the delays due to the receiver 
systems, from preamplifier through recorder, were directly 
measured as a function of frequency across the 100 MHz 
synthesized band. For this latter purpose, a periodic train of 
pulses was injected into the receiver input. Each pulse was 
less than 30 ps wide with the interpulse interval being 1 /is 
[ 10 ]. 

The difference between the readings ot the independent 
clocks at the two sites was derived for each experiment from 
the analysis of VLBI observations of several radio sources, 
by simultaneous estimation of baseline vectors and clock- 
difference parameters [11]. The positions of the radio 
sources had been determined previously [12]. In the first 
experiment, the clock synchronization via VLBI was 
checked by transfx>rting two cesium clocks from the U.S. 
Naval Observatory (USNO) in Washington. DC. one to 
each of the telescopes, and both back to Washington. In the 
second experiment, two cesium clocks were transported 
together from the USNO to NRAO. then to Haystack, and 
finally back to the USNO. For each experiment, the round- 
trip travel times of the clocks were about half a day. 

III. Results 

The result for the clock synchronization from the VLBI 
experiment performed on March 28. 1977 is given in Table I. 
The first six lines describe the determinations of the delays of 


the multiband signals through the Haystack and NRAO 
systems. Lines seven through thirteen refer to the single- 
band signal and serve only to remove the I fis ambiguity 
from the corresponding multiband epoch difference. The 
final value, in line 16, shows the c< 'imated difference between 
the epochs of the hydrogen-maser clocks at the two radio 
telescopes, after corrections were applied both for the 
instrumental delays and for the resolution of the integral 
microsecond ambiguity. This result should be compared 
with line S of Table II, which shows the difference between 
these two clocks as estimated from the traveling clocks, after 
the readings of the latter were corrected via linear interpola- 
tion for relative drift, based on pre- and post-trip compari- 
sons. The magnitude of thedifference between the VLBI and 
the traveling-clock results was 18 ns. 

Table I also shows the VLBI result from the experiment 
performed on September 23, 1977; Table III gives the 
corresponding result from the traveling clocks. For this 
experiment, since Haystack was visited by the traveling 
clocks approximately seven hours later than NRAO, it was 
necessary to account for the estimated drifts, over this 
interval, of the traveling clocks relative to Haystack’s c'oek. 
(See line 8 of Table III.)The latter's rate was already known 
relative to that of the USNO Master Clock through long- 
term comparisons via Loran C. The rates of the traveling 
clocks were determined from direct comparisons with this 
Master Clock, before and after the trip. For this experiment, 
the magnitude of the difference between the VLBI and the 
traveling-clock synchronization results was 14 ns. 

In both experiments, the VLBI results were obtained 
before those from the traveling clocks. In the first experi- 
ment, the VLBI result was in hand less than 24 hours after 
the observations had been completed, the magnetic tapes 
recorded at NRAO having been placed on the first available 
airplane flight to Boston. 

The accuracies of the VLBI clock synchronizations were 
not limited by the uncertainties in the measurements of the 
delay differences of the signals received hum the radio 
sources; these uncertainties were generally well under 1 ns. 
The limiting uncertainties were in the corrections for the 
various instrumental delays. The total error from these 
sources is estimated to be under 10 ns. The uncertainties of 
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TABLE III 

DrIRRMIN ATKIN (W OllHIRINI'R BiTWnN EPOCHS Indkatio RV Haystacr and NRAO (Xocsi 
TRIM CIMPAROIINS WITH USNO PORTARLi CS Clocu CSI 1 17 AND CS 1 368 ON 23 ScrrsHRCR 1977 


Ltn« Nunber 

Ctoeka Compared 

Difference 

(ua) 

Tina and Place of Cotnpariaon 

1 

Hayataek clock epoch- 
Cs 1117 clock epoch 

16.430 

22t27 arc. at Hayataek 

2 

Hayataek clock epoeh- 
Ca 13S8 clock epoch 

17.184 

22t27 ore, at Haystack 

3 

Averaqa of llnna ID 8 (2) 

16.807 


4 

MRAO clock epoch “ 
Ca 1117 clock epoch 

33.638 

15il9 DTC, at NRAO 

S 

NRAO clock epoch - 
Ca 1368 clock epoch 

34.426 

15tl9 UTC, at NRAO 

6 

Average of llnea (4) • (S) 

34.042 


7 

NRAO clock epoch - 
Hayataek clock epoch 

17.235 

Uncorrected for drifts 

8 

NRAO clock epoch - 
Hayataek clock epoch 

17.223 

Referred to epoch of 15i20 UTC by 
use of Ca clock mean drift rate 
of 3.05 (10.05) ns/hr and Haystack 
hydrogen-maser mean rate of 1.3 
( 10 . 2 ) ns/hr, both measured rela- 
tive to USNO Master Clock (short- 
term "jitter” in the clo:k rates 
have no significant effect on 
this correction) . 


the synchroni/ations via the traveling clocks were limited by 
unmodellcd clock drifts, and are estimated to be under 20 ns. 
No corrections were made for the net relativistic eflects on 
the readings of the traveling clocks since these eftects were 
under S ns. 

It should be emphasized that the accuracy in the absolute 
synchronization of clocks with VLBI is not limited to the 10 
ns level achieved in the present experiments. Several differ- 
ent techniques have been proposed [7] for use with VLBI to 
obtain absolute clock synchronization at a subnanosecond 
level of accuracy over transcontinental and intercontinental 
distances. 
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MINIATURE INTERFEROMETER TERMINALS FOR 
EARTH SURVEYING 


I Sunimary 

A avsiem of miniantrc radio intrrftrometcr tenninais is proposfJ for ihr 
measurv'ieni of vvcior baseiines y.'-' li u.icu ;aii;tics ranging from the nniliim icr tv the 
centimeur level for baseline lengths ranging, respeetively, from a few to a few hwuireii 
Hlomctcrs. Haeh terminal would have no moving parts, could be paekaget' in a \ ■- lu> :-' of 
less than O.J w’ , ami ( onld operate unarteni/ed. These units would receive e - ho '.i^aah 
from low- power {< 10 w) transmitters on Tarth- orbiting satellites. The i>-.yeiuus 
between units cimld be determined virtuallv instantaneously and monitored contiruc dy 
as long as at least four satellites tvm’ visible simultaneously. .Aciptisition of in, ^t,,,itr 
signals by each terminal wuukl require about one minute, but less than a second ofsigiul 
integration, and the collection of only a few kilobits of data from two receiving uni. 
w<nfld suffice to determine a baseline. Diffa,..it baseline lengths, weather rontl'iions and 
desired aaiiraeies would, in genera!, dictate different integration times. 

1.0. Introduction 

riie tri hniqiro ol veiy— long-ba'>eline inter tcomptry (VI HI) .s oniy ,i o.' ho. 
old and baioly atinroachlnr! jioiescenre Nonetli-U-ss this lad'n .ntcr loomel' ■ tiif t> 
has seen btoail aijplication, especially in astronomy. In gendntic atrplirations, ih»> 
Ofti ions t rated level of repeatability ol ba'.eliniv -lenrjtl’ cleterrn ftatir'ns raiKjits t an 
~ 3 mm lor ~ 1 krri distanci.'s |1) to ~ 3 cm tor transcontinental distances |?| Ibis 
cornblnaiion of precision and range should make VLIJI a very posvetiul lu hniiiui fc 
rnoni'oring the time detrondimie ol regional and contim*ntal baselines. Yet it still nre 
widely used for tiris purpose Why > A principal rnasim has brien cost Atrpli. .aior i. 
VI, HI to gorxlesy have h'therto involved observations of the random, weal r 'di' tt' I's 
, receivtxi from distant, exit, rtialarliL sourri’s 1heacbrcvomentofusetuisiijn.il lu i. s. 
ratios wilfi these soiiftfs has iln tatetl ilie use of largo diameter anlt rin.as. c .jict v 
aliimir fteiiuency standards, and wirletiarid tape let.oiding and correlating sy.tr-- t 
* In contrast, only very small, s mplr!. and ine«|irnsive ground ei|U'(>trc 

rr-rjuired to utilize Ilie relatively stiono, precisely controlled, ladio signals ihai ra' tn 
iransmlnc"! from tailli »<»t«ih'ys. Ntjnelheltrss, although several methods liavet’tr,.i ,, ,i 
satellite signals to deicmaie baselines, none of these methods has yet ail d 
measurement precision demonstrated with VLHI Why not t WItal is lln 'v. el 
irvjredicnr' of the inter fernmetr' ter hninue > R.isically it is tlie use n( dille-encnig. 
Intcrferomeiry per se, ir'voives tire tjiffeienring of the pli-ei.' nj . '.jmit , - 

two ends of a baseline W.lh properly desiijrted eouipment. Ihe rmctei'' *‘2f" 
ambiguity m tlic-se I'hav.-s of iid o sign,! '. itMm ^ given source • be ■ mar, i d. ') 
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advaritHije token of pinr se phaw* mu.tsuiHmnnts of tfie jiqn.iis 'rc’i 5- /e'jl souues, to 
determine a" l.'aseline witli an uihci t.nnty ei|iial to a smiill ft«i tion jl t' ^ A.we •‘ngiK of 
thr* radio signals f uitli>’i, this Laselme detoimination dt>es nrj' rt. re^d i"' ike signals 
fiom any sourre iiiivim) .my paiticulai tomrroMl legul.jiity. 

The iMsei fie vei.ttMS detenn.ned l>v rmlio inter ferometr t* hn.gues can be 
related to tbe U.eit known appiOA inatit'm to an ineit.al frame f* ■ pc't ons in 'tie sly 

of exmip.’k't. cxtragalar'tic, larjiu siniu;t's. Of couise. when tiu Urwiine vfe<-!>ji is 
determineil horn inter fconieti i<; v.Hi'.ins of rait.o S'gn.tls from Sa'elliles .tn exi'a 
step is teoii ie! to eeiine ihf nosltions o' lire s.itolliies to iho:.'j of me dist'.nt radio 
sour es Again liie trH-hni'.iue uskI \ inter feroriiPlricluit. here, itse Of the lull panoply nt 
the tonvontton.il N'Llil drin.i'ri(>ni,iiiiirn is legiiired 

A 'vsloni ih.rl rompines thr* idvantaqes of VI. Ul with the tienefits ol strong 
sitellite s gnais could open a new era in giKxdeSy We iJusciihe a relatively simple sysiern 
hero It worjlj employ compact giounrl equipment with no moving parts and low— power 
tailiu !rans;ni»tPis (..n a sm of vtlellilr''. Wn Jub lh,s rornl-inalion the M n' ty MITFS 
System, MlTkS lieing an acionym for Mtnidiu'e Intc'feromr'tei Terminals for ta'th 
Surveying Our sys'.; a^pr.iri. tc be poteniialiv mote effiitfetn than any other so fa' 
P'oposeif for the thuH.'-dimonS'Onal nuiti'iot.ng u' rrustal stra - a. • umuiat ort and 
lelt-ase over distances tanging f'Otii tens of meters to hun.lrt<ds of k 'crs system 
could also be applied to a variety of other surveying and n;>v;g:iton p'obierns on land, sea, 
and air. and in st'ace. 

2.0. System Description 

In this ser tioti we disr IIS.S, in t'lm, the liasic coin epts umietlyin ) our pinnO'ed 
system, our ptelitninaty thoughts on the design of the rrlcv.rnt -..itrT'ite rod ground 
equipment, an.1 some possible des.grt mrxlifir atiuns 

2.1. Basic Concepts 

Here W'K ouiiine bi iefly some ol the r on. epis upon wlfr'' mt iiropos«<1 system 

is iiasPrJ 

2.1.1. Obsnrvable 

1 he Da' ' qu.ml ty that wouldbe meas ittfti wtih tl. s s,-.’' sP t.ierfftntmetr. 
ph.Tso — ilie if flfien'C beiwcvn the pfsev’s of lad'O Siynali from a smg'c satf'lite reie ve<l 
at any two Ufttrtaials These phajes would eaih he obta i h 1 i tmtlr nen sly for a set of 
d'fffient i.idio ho<|Ufnt,ieS |■'lo^e$■■| cove'inrj .1 w.dr ~ 1 o. la.t an . that (i) the 
effect of the innosplie'e copn1 be vifttiaUy elln' n.ti' -i an-i (ii) *he inltetfini •*2rr" 

amfriguitv of the ph.i'tr I'liSitViil'lt' t OuM be iesols'**t Wt f ir.-ni.it a r '•f«pien.:.es |U 

llh.i tei.uived Sign.iis would Ire marie concu' rimtly *0 i. ,iln. ..ji 'ers n ol ihe | luisc 
dilfertmrrs to I'oi'esitondlng delay diffetentcs 

2.1.2. BasL'Itna Determination 

1 Itesc lel.iy il Metmcps rould be imeiptpte ! 1.1 .t ^L'nci.r.l tidiit r tn d.-rnm.iio 
the I ont|ionenis Ol tlte Ikiseline woetor t or tjbs»-t vattons of a t).v*''i sa'i'ilite .ii a gtvBft 

instnni, tire Inii'i ll••t)|tleltlt ptwsr* delay ran tse f>»ptt»'s<> ) a| .|,. ■ ., ' ,c ly 

r ■ — 15 s + T ' ' . ( I ' 

c 


140 


ORIGINAL PAGE IS 
OF POOR QUALITY 



(U 


z 






u 


o 







t? 







-2 

Cj 


z 





u 


c 

u 


z 

2 




0 

o 


? 

T£ 


0 



l4^ 

2 



'■14 

u 

2 


<y 


m 

vD 



C 

u 

T3 

c 


rn 


u = 

o 

o 


• 0^ 


\ / 


O v> 


fJi 



v 

V 

U 

ij V4 

u 

z 

::< 

C 

1 

f 


— — 
< rj I 

sr 2 

t /5 - r> 




T 5 3 3 

rj CL O. 
0 C B 

La 1-1 i-l 

- U (J 

: o a 




a 

a rJ 




•• 


•• 

*• 

•• 




0 fS 

’ 



V 


W. 

T5 




o 

*rH 

«w. 


<*• 

0 


C5 


3 


rr '•j 



n 

0 

a 


Q 


a 



e 

o> 





n 


Cl 


a 


t— ^ 




Cj 

3 

a 

Cj 

u 


u 


»-4 u 


B 

C 

0 



CJ 



T 


% 


Z) 


*3 - 



r. 





-- 

0. i 

C 3 


•*4 c 


0. 


a. 




- 


Cf 

a 

C. 0 

a. 


c. 







W-« 


» 0^ 


c 


c 


C 





c 

c ^ 

c 


c 







— . n 


^ u 








w — 

• 

2>: 


<9 


• 


* 


■a 


75 

•V 


• 

• U 

• 


« 





2 ^ 

0 

rn .. 

w^ 

rs **-( 

o 





3 

u 

r.) u 

'CJ 

c: 






Cj 



o 

O 3 

'O 

g -D 

Cj 

Cj ^ 

Cl 

Cj 

3 




-J 

U 4-* 


3 3 

C 



C 

c 





2 

* 

<o cj 


U) 


'*n 


l''> 



'75 

• • 


N« 


cfl 








O 2 

0rmt 











• rm4 

0 

OS 

(^ 

o 


•n 

■c 

nJ 




U " 

a 










2 








*««• 




u 



, 

, 

, 

, 

, 

, 

. 






a 

a 

Q. 

a 

c. 

Q. 

0. 




STT 


t 


I 


u 

u 


c 


c 

o 

u 

u 

D 

o 


Qj 

ft- 


3 r 
j u 


u 

o 

c; 

u 


o 

CJ 

CJ 

T 

a 

c 


0) 


•o 

lA 


*0 

a 


0 


'S 

u> 


/•> 


7} 

o 


o 

Of 

u 

T 

a 

c 


:a 

s 

^ 

r., 

*A 


*:5 

»9 


N 

s 

o 


z 

u 


sO <N 


r» 


z 


o 


o 

o 




<^l 


a; 

JZ 


o 

JZ 


r? jL 

' f 

o 


-3 


C? 

U 

O' 

:* 


Zj 


1^ 

fz 

> 


PM 


u 

-n 


O 

H 


tf) 

O 

•r4 

u 

c< 

^ a 


o o 


M 

G « 

.*« t» 

M • — 

*j 

u 


“ 



C 


4J 

U 

_ ** 

3 

z 

u? 

- 


0 

•H 

of 

Ion 

Z 

c 

i 

> 

U 

u 

c 


*T3 

0 

r 

U 

3 

c »« 

Q 

u 

0 

u 

t;^ 



> 

0 

•3 

0 

tfl 

c 0 

•*-f W4 

tfi 

•*• 

(R 

z 

P 


> 

• 

u 

t9 

(0 

0 

ct 



c 

• 

a 0 

C 



u 


J 


• 

= > 



u 





• 

••* k4 

• •- 

«> 

t 

2* 

*o 

c 

0 

Q 

0 

S -J 

*M -J- 

CA 

V4 


t” 


•5 


— ^ 
0 


ir 
^ c 

n 3 
u 

CJ 


r- *j 2 
£= 0 
O >» ^ 
u z 


r c ■ • 

S- O' ^ 

c c> 

1 - >% > 

c; — o 

t-< i-H r? *^ 

»P4 U 

c; ^ r 

T3 O 

O O ft C 

U C^ M w 

^ n V 

"3 Z Z H 
3. r 

O (r. w 

ftJ c ;r 


u • - r 

:*• ^ 2 
z 'll 

»i 

K c. 

-3 t' V 

0 3 H 

1 ^7^ 


^ .“3 *-» £7 

" 

t r.’ , w 

“3 r 

3 V ^ _3 *o 


c 

O 

O w 

^ c 


■-CO 
V. vj 
3 3 

c r ^ 
— c 
X z c 

O -J — 


o 

^5: 


ORIGINAL PAGE IS 
OF POOR QUAUTY 


P^ 

CT 

C 

I 

lA 




0 

4J 

f: 

tJ 


r: 

6T. 


t/J 

•• 

• • 


t* 

u 

0 

V) 

c 


rs. 






0 

0 

c. 


•/3 

O' 


<*- 

'3 

0 

0 

> 

C 


V. 


*•-4 

' ■* 

0 

3 

> 


& 


4-1 

*-— 

— C 


^ . 


0 

u 


(A 

0 

• «4 

rz 

Z ® 

(A 

tj 

0 

ft- 

0 

Ui 


X 

3 

Z2 

SC 

• >i^ 

f; 

0 


A 

3 

3 

4-1 

6b 




u 

T 


*3 

vt 


«J 

X 

C 

u 

>. 2 

c 


a 


■t 

• 

5- 

P3 


• 

X •- 


V 


nO 



- * - - - 


9TT 


117 


ORIGINAL PAGE IS 
OF POOR QUALITY 


WINIATUHE INIFHEEROMETEH 1EMMINALS 

-* 

wheic B IS Fit* tKis»*l.ne v«toi, » is a nn.i ve. iui lO tli«> dir«c(i(>ti o< ihe latwlliie t-<>'ng 

obspiv*'!, and leiiMsenis *Im; difft»»*>ni >’ Uh? ot>ocl' v'Hings o( ilie rlrvSs mI 
tfw iwo tt*fniindls (ip. tIVMi let).tilurp lion syn* hfOni;.m! I oi thn piniuisp u( tins 
siiiioli(n)'l exDlanntiiin. vve rissimio H < . .vlipiu is the niin'iTHiin distant e '.'i a 

vitoilite liom a teiminal, and we suppiess the ?it»?i i ol itte ilillfieni e in late nf ih.- i-i:.-i ns 
at the two luim nal'; (se** Sertion 3 11 I itut'on (1) sixjws that .n any iini iot. t' ■ 
oI}S*'iv»hJ delay ronlams intoimatkMi on the tion ol the b.isiHini' ve<.tof aionfl ttie 
iliietliun In ttte satellite. .tn<j un tlip riot k -svnctt'oni/iition erroi 1 0 ileiomi.oe alt thiee 
components ol lt>e iM'-'-l ne v tor '.irnul! - -'V w th the 5 vni.h(itn,/s'i(>n V't'ii >' 'iny 

inst.inl the siiinals liom at least lour satellilr* must be ubservcti and th«' resultant toui 

line.il eqiijTii'ns sob si lor the loui iinln ..m’- I ■-■i a .inigue solui on, llte satullites rarmo' 

- • 

.111 a()|)oar to lie on the same i Irdc in the sky It they do, then the l omtM'nent o* b in 

llie diiei.tion ol the conle' ol this .im le canih b*- sepjrai-d fioin (^*-*.’ also. 
Section 3 Ol 

2.1.3. Rnfeionce System 

We .assume that tlie iwsltions ■'! > l. loi nmiei <;;iiell te*. niismyi I am s.nc .n 

wdn ll'^|A.'Lt U' it wen— .li'i iiuJ (oiinl.ri.it' jys.t'i' , Iteieni i oOi In i.itL j» M eii.s tou..' i 
utili/ed, ileft'nd'nn on the .toplitation We consiilrr one example .t nearly ineM j| 
coordin..ln ssrslc”' With an iirientation iiei : .. d.n irons o* uxl'ng , . , 

SOurcr>S Sn.li a s.'St»>m could l>i' uyed il l^l•••■ liv morel b.tse '. I.rtions matte (ortcnttal 
dilferential inter feromet'i ' phase ohsr-tvalions nt lu '..iiellitrs w.ll' test.ajct to b j.-~- 
extraqilactli radio soiiii;os that apixjat in the same pat t ol tl.e ssy ('ll G'vcn that 
vpi tor positions ril tlw! liase stations with ii-sne. i to itir .Jin ’ions ol tl>e exii.eja.a. 
sources were alrr'ntly krtown viriixilly mst.rntaneous ttreasui (*01601% ol the dill(?iBnt a' 
.ntederornctrir phases beiwer-n a satellite .irxi a's exli.iriala( tic sour(e trom obse'vat nns 
Irom eacli ol twrj ind<;t»erident t>aselines sull ■.(■ in Uetemiine ibe saiellile's d.ret i.tjr’ n 
tliis nearly inertial tramc Thus, the ver lot b.is'rl inis Irelwet-n our ronriJdr.t gruund 
li.MtniridlS could tje lelat.rl 'O this ItaiTie ThttiLni'i till M iijordin.-rtr'-S n Itv '..ilniiite r,j. , 
The b.tSe stolinni would nl tnuise re<iU'te ermyen' '*nal VI HI msIrirmcnTolion tnol'Sc'ye 
the exliag,ilai;tit radio sour n- As lorn as tlw* rlii<«Iion ol Ilrt 1 > .i>i|i,ins(iii Oxit.ij'i .r t . 
suiirt.e is rteilltei I'Xj l.rr hum Ihal r^l Ihu i,ilellile nor Ion neit that ot Ihtj sun. the 
ohscrvalions ol the silell.ic need lie "larJeoniv ■)! tin; hi'i'ieif t',in " nt‘.l tune 

We (leline until Sry * no .1 r 'i .ru'-S on ol the limns on . 1 . Ii.i , te.Mtura , n 
drdeimiriiii'ijn ill the li.rsnlinr v< .tor will' o•sl■.'. 1 t.j a rflei.-O' . li.i"ie 

2.1.4. Global Pusitioning Syttem 

I lie satclliii's ol the NAVST AR Glo().ii PosdmnirKr 'lydi in IG|*S) [‘r|, si.lie'lii.ej 
lor launi II iltiiinq tin' next lew years, wiii liayi- uiOils .iIiimHI peiliKlIy suiieo 1" yur 
inniersfl VI HI system In ’tie iil.inned slen ly- Mali (.iinhqiiialinn, itieie y.ill lie T-l 
suf.h Mlellltes. e.qht distributed 'fi eat ti ol thiee orbital planes, SiJdti I liy IJO* 'O noilal 
Irjnqitiide Within ear ti iil.ttie the sair'Ilitr'S ‘. It l ■t npp'uxlm.itely eyerily d'S!' hi '■ ) 
arntirvl a rxMily ciri iilw oiliit ril ^h.1* inclination, JO.OOU km aititixle ar'd 
l2-lionr pcrirvl As .i lesirli. at any | ■ e f 'ly sii'ltie .>f ih.. P.imIi at ii,, 1 
s.ilellit»*s will always be yis.ble, and of lhr«se at le.tst lour c. II he suit.iti", dishibi.tirj ' 
no’ all un or nc.li any single r irrie in the ■ • v 
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Th« CAperted uwfiil lifetime of « E>I*S Mtiillife Is fiv« \oais w'th a m,iA m »t> -.1 
aiHMJl sev*»M set by tbf amount of stofcif ni'** lo' •f’<* attiturte-controi wSt<»H’ I fun, 
purciple lit iPiist. tbere will N» continual opportunitlm to mo I fy the n\ I. Jil t 
arrommocfiiio our |irot) 0 '.<«l sysiem 

2.2. Satelliu Ectuipmtnt 

We now descrit>e the etjuipmi'Ot we proposT: to plai v mi l-.k.Ii satellite f itst, »ve 
iliscuss the fnctois ijoverniiig the iboice of subsv'stcins am.1 then «n ti of the sui>iy»t.*ms 
f-or delinitoniss. weconsidtff the design >n ttrerontent of tfm ni’S'jtollifrs 

2^.1. Reguirtmenu 

loiidt speuei it.auiieintnts must be satisfied by tbo i‘|uiur’ienl aUua'u '.lie 
Satellites fur uur piopijsel system tu l^e upe<aieJ su&cr^fully ’ f ast o1 all, I' e 'mitMliie 
must transmit a sufficiently Strong and stable signal The signal rnust also lie strut ' 'ird 
to allow ibe user ttj resolve the "2 ff” anibigulty in the inierluromHr-i, plui.f Inn* «i, 
the same l ycie of th s!.j".'ii must bo idontifioiJ on both ends of the baselirH' Tf jujl 
rnetf'iii of nial ng iu-,h .m identification in VI. HI Is to coritbiiie nhscrvat'ims inj la 
siniulianeuusly at several ditleierit freguerKies, or tones, (i a I , 2 , ...) I lit rise* nve 
ambiguity spacings in delay, eoiuil to I / f j . are diffment, and the overall delay ambic y 
can be n-. ’lved if, wittiln tl«r range of possible delays alloweii by a priori inform r 
there is a utiiriue delay tiiat is consisit.-ni with the phase ol^'rHvatiom ai ill frer; .• 

The of • .. ' J tf'e pftase aniL j .'t, i: corntillcair'l, hnwtw. by tbii- din ' 

the iHopagation mi^Jium ami by possible intorfeienre from leflectcrf signals (> - »• r.i'ii 

Cl 0, fheSi'tof fieuuviici’ uSi'.J inc.ll Lh! i.iiuseo syIIi tlH-se ru'ii|i ’ Mfiors in ; 

SiiKf , for lire range of fipquenrics of (lossibie intwest, the f art*' 
introduces a delay pio|x>rt!onal to ihe invent square of the fieiiiKTcy u^ * * 

would tipiieai desirable to employ the highest possible frequencies with the nrom i^i 
sysfuiti Howi'»«r, we muM also < oindci r>ur paianiuunt dntiie 'or asiiin ■ ‘•v 'l ■" 
desire to avoid, for example, high gairi antennas and high transmitted posvnt levels tics es 
an upi'cr bound on tlie irable 'iiiiiueiicy. Sim a, for g ven antennii d.irn I'vil *- •<> ' 

iiansiiiitied power, the lereived power is inversely pioixifiional tn tfio 

freiiuenty, sufficiently high s'i|iial— to-rujiie ratios can only t»e obtair>el s'rnpiv ji > , 
f'CNUP.iK ies The opt rnuin langi of frertuen. les is apprOAliriatol t’ I-- tijl/ . i ..ij 
the lown/Hi by the lonosplioieand on ttie hirjti end by signji— lo-nolst i.it <• •'ris’dciati 
An approsimatuly one ociavi' stacad in fire fiequem 'es of Ihe iimr-s •» " i mtant lor 
I’lj'r’'- • -I 2 . 'i“c ■’* t" *h '*'r imospiref# .iKl (' ''‘e 

inleileipn' •' from lefle' led signa'S 

Within this ono-octave i iiyge of freu'ienrles iPih' ao sevi cii 
a'lucaiad under existinii iniernat'onal regulations foi purposes ttiat wc ,id en: ' 
those of the pfijfiusuO systoni |' | lliii sysleni icguiriis relatively hitle -m , . ■ i 
— rio more ifort ten narrow barKls ere. st most 100 200 kHz vide, witti n tlm ^ J - 
10 — 2011 / range Tiieprui ■ oi enunt of these bands within this range is quite lie>iUi« 
aryl ixyuld be atlaiiteil in ec lir i > <mstrairits Biisisaily. we require im • •!< ' • a ‘ 

low - troqurmey limit, one neai lie lilgh-lrcouency limit and ttie ot i«i| d ii • ■ii. 
l*el Ween Itiese I n Its. T tie inti’* -li-. id sp.*tiiigi would range from a rninirrii • - i ''It 

to A inaximcm of —400 MHz llm siiariryjs t:rMild be m aijorn. .n. , • • t< ■ 
prugiesson but do tyii ha.. ■ i , , v I'.oionically with Iregurn , 
futtfurr iiiicussioni 


142 


119 


ORIGINAL PAGE IS 
OF POOR QUALITY 


MlNIATUflE INTCn^EnOMETEn TERMINALS . 

2.2,2. TtantmiUer 

To Mtiify i<n)uiior»«oi(, r.icti rontJ be eqiiip|i**ii to P.irwm t an 


ijiiinufluloti.il rlicuUviv ;iOi.iri/ecl ton*tniiou$ WAve (f'W) vv ih ^ I ' it' of ■ • t 

eui.h of up to ten hao>i» To avolif having to contend with Intnifwwiie fv’nvet k gneii 
fecoivfid f»o*n ddfeient taio'litot. parb of theso Itanib rculd ho tuhd vided into cof 
ffjnovw lapitioij 'Vluinnei^' Sinrv "*11 liPS yitoHitc ixitild ifwi'e a f*'inn«l v ,h.tt 
Oit'iH late : '•* j 1‘fO foj iipd't in longitude, the numti»*i f>* rfwr.ali n , I.e 


12 Setting llm wiilifi ijl ne h ihanwl ei|iuii to K x 10 * 0 » iti refUet fiu-OJoncy would 
allow lo' A tolci.jiiif no ir.imxiiltitl fin-itK-nry of t I paM In 10 * . at Anil a- fpr the 
ruinnnes of Uoppli-r stuli, of 1 ,T in 10 * . whli h could T>».- oljxxiveo on caitn toi 
tiqruilt ffivn «atelllie. !n orbits .d the til’s type Tins the total widtti o* the h*' d qI 12 
chdonrls at **• I <> 11 / wuuid be lUOkll/. , nod at *“ 2 ( 111 / wooiu l»e !C- 00 kll/ 
Should Ins ol Uk! spectrum be avallal'lc, modi fiuit ions ate rmtsibie to uint| as 

d.ScusM<il in Soclior " d Here vsx prorcerf on (htianumption tii,Tt nornodili' at 01 o will t>« 
reciuiral 

Tra'-'-'niitf'. ,ii.' avoiUhle cornirierciatU which V'eld I W ol ri«dio-l""4Ui’ / 
oulti'jt 1 ' 3 h >T ol ci aipiii povshi Such dr , ’ m liave uimunsions and n\au cf about 
,S ent X ■■ tin X 10 cm .H‘ ; 0.0 i^tj . mperiiveiv . .us, lor a luiai of ten b.TrxIs, .36 w ol 
DC iiOwxr arxl rt volutne of 0.002f' m’ wr>uM tv reiimiu'i these Iran 'tiitlev rijve an 
arlf^tualo long- term lte<tuency iiaWliiy ol I pan m 10* and .1 more than ivlei|i«ite 
sin* lifli iiu' ly n' - 1 prt'i n 10 '** T ft# overall volume and rtiass could iindoub telly 
l>a (owcrixi for us* in S|id( H, i^tpociaily d the two iiansniiterj were pai t>.r d loj* the 
total DC p.iwnr ipt|uiri tnenis I'ould also be lowijiud by some ron'P.rratiuK >d ,jn 
insign fiidni vi'iifiie in sirect'al puidy ind a use ol a sifigir; osci'l.itor to geiviate 
reiull'plf Ittnei thiougt' "Mi'Jiil.il 'ji . hirh. itsed. ioquIk*! mtle i-irv. 1 H > l.i 

rnainliiin ftigh reiialjility one would P'tder rHil 10 eliminate IiKimurh re'undaiK v 

2.2.3. Power Combiner 

The nuiputi '.I |iie .opatate Iransniiiiers would Ins ■ wiib '.i 1 1 1 1 . o 

,jn aniririna Drix.ijn ol ;iii *' a 1 umb.ner would lie stiaightfur waril, involving mainiv a s» t 
ol lesonani, low loss liiruits 

2.2.4. Aniertna 

Wr: rnviViOn earti juilell te »hiu Ptad w th a r,irrula'lv poKe «-d ai. r. .< ( 1 
mode;, I diriv ) viiy ( 30 * $ lieaniwidih $ (a)*’) wierh illuminates t' •• ei’t > j'b't 

(lortion of tfie Earth .gg lonin.iiely unifurrnly Such an anteona would I'Ov at least 

lOdb yon, but woui I b<’ I'tty, .ally small .itvJ would not ledoir' i''. p. 
siu.ihlc anirmna would also tuv« a h.tndwidlh suffinently broad 10 yu- J fh.s 1 
III* spati tiym I to 2 011/ iVaiiai.oni .n itie lr»r .mat mg ant'” a'v *• nt x 

tiie leiRivirvi atitenrsa'i effective a|H<rture, at Itvi IreiiuartCiSS ol . / rai.i. o urc 

irarwmissiore. .-Quid l>e . r>ni|»ns.iujr1 by suitable aiiiuslments In the rel ' ve 'le ■ "r t 
P<>wei|| '''yi'm o* antenna* Ifiat might salislv tiM-a* 'enunerTienfs inr . iii* rav >'■ L'5 
fftlreis and . iioiral spitu's 1 ttr si.e^ ami niasses of such antoryias mr i|i. te >no. st ^ .r 
exatr'idc a rrjm'rterr laHy ava table 1 jV'*y — ItarEed spiral lor titese tieiUK-n- .*»• •.>* -ia ri ol 
nt.'iriy |0 db .md 'f abr-iul l2 mt in d.uitteier arvj lUitn d<<et<. v.iin a nvti* ul about 
1 Ig 

These rfijrarteristirs ol the satellitf f" ..nt .j<e sur.nijii/ej •u Tabu J, .i«i 
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an oveiall block design is shown in Figure 1. This equipment wo.iliJ. of course, lequire 
integration into the (iPS configuration Questions of location, m.iss. volume, aixl heal 
generation and dissipation all must be addiessed The only positional lequirement is ttiat 
the antenna must face earth- ward th-> other rnaior leriuiremt nt is. of couist. for the 
appropriate supply of direct current. Any requirement tor uplink and dow'Infc telenietry 
would be very modest, because the system is so simple. 


Table 1 


Possible Characteristics of Satellite Equipment For 
Use With The Mighty Mites System 


Equipm-.'nt 

Tran "itiltcr 
Frequencies 
Polarization 
Power 

Total D( Inpiil 
Total Volume 
Total Mass 


Pescripiion / Otaracteristics 


10 tunes spaced between I and 2 (ill/ 
circular 
-- I w per tone 
<35 w 
~0.UU25 ni' 

< 10 kg 


■Antenna 

Type 

Bandwidtii 

Beainwidlh 

Gain 


cavity -backed spiral 
^ 1 to 2 r.H/ 

~ 30 to bO deg 
< Id dl. 


Dimensittns 

Mass 


12 c. 1 dia X 10 cm deep 
~ I kg 


UP TO 10 
MODUL E S 
( identical 
euccpl for 
frequency) 



D C. POWER 


Fig. 1 - Block diagram of radio transmitting egtiipmenr to be placed on satellitr, for use 
by Mighty M>TES. 
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2.3. Ground Terminal 

The most imt»irtanr feature of the sa'eltile equipment just desniljed is that it 
enables a relatively simple ground teiminal to be used Each such ground terminal would 
consist of an antenna, a receiver, a frequency and time standard, digital counting and 
timing circuitry, a calibration signal geneiiitoi, atmospheric sensors, control logic, a 
system to store and/or telemeter data, arid a power supply We discuss these components, 
each in turn, after first describing some of the requirements that the ground terminal 
must meet 

2.3.1. Requirements 

The ground terminal rnust have an antenna matched in circular polarization to 
the satellite antenna, but with little directivity 

We wist) to avoid the complexity and expense ic-pointiiig the receiving 
antenna, hy either mechanical or electrical trteans Further the antenna must receive 
signals simultaneously from widely separated directions in the sky, with elevation angles 
as low as 10° . The receiving antenna must also operate over an approximately 2-to-l 
rarxje of frequency, lorresponding to a wavelongth range of approximately 15 to 
30 cm . 

With any receiving— antenna design, it is also necessary to ensure that the phase 
of the signal received directly from asatellde is not altered significantly (see Section 6.0) 
and in an unknown way through inter fe'ence that could arise Irom waves reflected or 
scattered to the antenna from the ground The significance of such pi .ase errors depends 
of course, on tlie desired geodetic accuracy In Sectior) 4 3 we show that the errors in 
baseline determination would generally be comparable to tire equivalent path— length 
errors in the measurements of the interferometric phase delays T hus, tor exatnpi- to 
achieve one centimeter baseline accuracy, would require phase errors under 24 dog for 
I ~ 2 CiHz . Fciuivaluruly. the reflected signal would have to be at least 7 db weaker 
than the directly received signal For one millimeter geodetic accuracy, the field sirengtf) 
of the reflected and scattered signals, and/or the antenna's srmsitiviiy to such signals, 
would have to be attenuated tenfold (20 db in power ) further On the other hand, if 
geodetic precision, rather than accuracy, were the goal, as in some applications, one could 
tolerate a more dultcred and uneven environment tor the receiving antenna bpr.ause the 
distribution of azimuths and elevations of the GPS s<iteMites as viewed from any given 
location repeats approximately with a period of 12 linurs , so that the signal— reflection 
patterr) and the consequent electrical phase variations would also l)e repeated periodically 

2.3.2. Antcnrid 

The requiremorit that the phase of the signals received directly from the satell le 
not ho altered signifiranily by signals reflf*cted or scattered into the antenna roitid he 
sa'islierj hy ensuring that the receiving antenna has an unobstructeci view of tl'e sky above 
10° elevation, and that no large, elevated planar refictdors such as building walls o> fern ns 
ate sifudlotJ so as to reflect satellite signals toward the antenna The antenna would have 
to be placed above a 30 lo *>0 cm diameter metal "rjmund serpen" of sirrrei mrtal or 
still wire mesh placcnJ flush with the grrjund. The exn< f diami-tor needed and the 
rcstiictions on the local terrain would depend on the degree of supptrssion required f >r 
the signals redectevf from the ground to at hirve the desiretf accurac y. T he screen v.Oi . 
also serve to redure pickup of thermal "noise" radiated from the ground (This meiliod 
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of siting an antenna is romr oniy iiseil for high-ac. uiacy n.easuieinents i.f i C'C -h 
antenna laiiiaiion patterns) 

The antenna would be mounted in the center of the giotind screen a .d „ • 
tiave various forms. We deset ibe one possible antenna design here Mechanica.lv somewhat 
complicated, but with appaiently more than adequate elec l-.al protrertlcs this an* ;nr ; 
would consist of a short stack of crossed pairs of hoiizont. l. half-wave, ng j’, 

They would be made of metal rod oi tubing with each (tair cut for one oi the, at mojt, 
ten frequency tiands Of course, the closely— spaced bands cou'd be serve! b' a ■. n. 
pair of dipoles tach dipole pair would be itlaced tbroe-eirjhtns ol a wawriengtlt above 
the ground sneen The two orthoounal dipoles comi.risinq each pq> wouh! be fc I ' 
phase ..jadiature for circular oolari^ation. tach p.:'t coitid be connected to .1 seiraiati', 
narrowtiarvl. recr^iver preamplrtier rt tfesirerl more Utari one pair could also be connetne-l 
efficiently to a single broadband ijreamplifier , 

With a heigiit of 3X/S above a horizontal ground plane, the dioole pa r ha> 
greatei than unity gain relative to a circularly— polarized "isotropic” antenna at a'l 
elevation angles abrjve about 20°, and its gain is about -5 db at 10° elevation , 
although the response approachis zero at the horizon There would .tlso be negl'g ble 
ohmic loss with this antenna 

A crossed— dipede stack would have lo be specially designed and tuned c. the 
MITES system frequencies Howov«r, this task is rather simple, and the cost o< 
replicating the resuli.ini dipole .array in murJerately large 'luantity woui.i inobabl-'l a 
under S 50 per unit. 

finally, we note that the phase-shift characteristics o< the ante nn tse" 
coniunction with its ground screen, would be unimportant if identical ar.teni.js wc-rt ...e' 
for all terminals , but, 'n any event, the antennas could be f;.nlibrated on test ran te. 

2.3.3. Receiver 

The ifcceivei could have a s.mple, un..ooled, transistor tacti^.-fic .jci 'y 
fiont-rtnd nmplifiei , or pocsilrly two or more such amplifiers, each ui- r^l •.) a jif' > 
portion ot the I -to-2 GHz range spanned by the tiansir'incJ signals in e iher .ast it. a 
total volume and mass of the front end would be under 100 cm^ and 0.1 ng , 
rcspet.tivniy A system n.use ten peiature of 200 Iv could be easily achiev- ! ir I v ! 
be sufficientty low, given the dr..ractefist'r.? of the iiansmittod signers ana ;he anu-. rt. 
describetJ above No dilfic It g.r'n or phase stability demands wouin "c® ‘ tc ‘w; 
because the output of the in.rl .-npiiiy ng st.ige ol the tetciver wour . ue jr.r r.n 
or '’clitiood'', and because delays nf the signals through thereterver would ..e s^' .ar ' ■ ■ 
trrunitored, as drscus.sed in SuPseci on 2 3.6. 

After pass.igp thrprtgii the front-errd amplifier, thr* signals i '■ ea- ■ ’ 

the lCK)-to-200-kll/.-vv. la butrjs would be mixed vzim a fiAet. Ire ;ue. y 
oscillator (LO) signal, der\od I-, .oherent inuli'piit.ation fnjm the mas’e’ is.ih,ii. ' 
ennvert them lo an ii iermedia:e-freqi.rpncv (IF) band centered at ~ 2u0 Isll/ t 
value of 200 Ivll/ w.is chosen to minimize the requirements on time rtA.nlu:'on c tl 
sul)ser|ircni measurenrurrt ot tt'e I'hase o( the IF signals (see SubsectiO'i 2 .. u) .o 
value could be ( hosert because o< the desire to kee|i the ratio of the trequen> '*-! ol ihr. 
Irrghest and the lowest IF s grid' peiow three in order to prevenj intr 'e'! .. ■■ 

rxld harmonics genera. cd ti, i i.t ng T he down conversion to IF mig'it be accor piished 
in a single stage with aq'radra'ure -pirns'ng, singie-s'deband mixer of iiie t , no d«.s.-" '" 
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bv f^). or rlfi(Xini1iix} on consideialions o( dvriamic ranne, subility. etc , two nr more 
conversion stages might be used. 

2.3.4. Time and Frequency Standard 

Since observations would be made of a least four satellites simultaneously . the 
deoarture of the i lock at each terminal from syndiion.sm in e|inch (and rate) With the 
clock at every othei terminal can be dfilermint'd from tfie observations as explained in 
Section 2.1 2. A hiqti order of stability is therefore not lequiierj rjf tf'e time and 
frequency standaid at eavh teiminul The primary requirement Is for sufficient short- 
term frertuenry stability, of ~ 1 part in 10 , to maintain ptiase cofteience during 
each, approximately one ser:ond, peiic>d of coficrent interiiation long-term stafiility of 
~ 1 part in 10* is desired to facilitate aerjuisition of tire satellite signals Ttie need for 
the ~ 1 -sec observation periods of different terminals to overlafr substantrally implies 
that time must be kept at each terminal to an atcurnry better rnan about 0.2 seconds , 
itniess the observations are ntauc tontimiously. in tlic Latter rase, im^rirolation tretween 
successive observation? .'oirld , -it i ’ "•-rti n ' =; r i.3qs Ot ’eiwise drllt in epoch 
error would have to be monuored and the cloi.l-- mi ciT h terminal w j'd have to be reset 
periodically, via telemetry if iiccessaiy. (See. also, jc hju J UI. 

These retiuirements on frequency ami tinu. are readily niot by a compact, 
commercially-avallahle. crystal oscillator We shall hencefortli refer to this as the 
■‘in.istei’' oscillator. 

2.3.5. Digital Counting and Timing Circuitry 

The digital counting and liming circuitry comprise the heart of if e terminal and 
we describe them in some detail fiere. Tor convenience in driScriplion, assume tha* the 
received signals have brten converted to the IF band, centered at ~ 200 kHz , as 
mentioned in Subsection 2 3 3. Each of these IF signals, me lor ea' h of the up to ten 
3F bands fo> the given satellite, would he bandpass filteicd to aranoximaiply 100 tn 
300 kHz and symmetrically limilo;! oi "clipped' as mentioned earner, trj obtain a tv/o 
level signal which would he switched via "logic" citruiis to selerietl inputs of a set •>( 
ap'.iroxic 'tely 20 identical module's (see Suhsertion 2.'i8l, Eachsiuh s.gnal could be 
dircctable to the input of any module ar-miding t.j t*’' niar’ 'tisr-icM-d helnw, .ilifiough a 
more efficient arrangement is possible The fum.tion of earh module woulil he to 
measure the phase of Ifie signal horn one satellite in otiu hand 

The IF input to a module would be te'.f to a seioi''. I urdet phase-lockcif loop 
whose band., dth urirter the expt'cted ronrlitions of + 10 dh tir greater signal- to— noise 
i.atio (SNH) couid fre swili lied to values of either 7..^ 11/ or .30 Hz , and whose tr.irl.iny 
rarrge in e'tlier case would span the IF harnt of Irnm 100 to 300 kHz . (Note that thir 
SNH is inversely (iropui tional tn the banifwidth ot the loop and that the power receive.d 
by the crossftd -dipole .antenna will be iiiversely prnrio' tional to me siiuare of it'e radio 
frequency Hence, umlor me assuinfition that the etfective radiated fiowei from e.ii ti 
s.itelliie is tfie same for .ill tunes, tliu loop li.indwidll ti.r recetiliou of the 2-(illz 
signals must tw fourfold sm.illei th.nn the loop hanriwidlh lor ttie I Till/ signals in oidei 
to maintain the .-.ame value of f’NH) Ttie loot) would be locked lo. anrf would u jr t . ihi* 
first suitable satellite sitj'i.sis encoijriiiMi>d in this band The loop SNR woulrl be at least 
-F 10 dh , anrJ the roriuspnndinri inoi -me.in- .u lU't' (im'>l ’ >' '■ ithasc ivrrir in the 

loop output would he less tfian 13“ .g.ven ri) tiio ulitcl.ve t'arisrnitted pcivver of 
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~ 10 w (Iw tiansmiited, coupled with 10 db of antenna gain) fii) the wo- st- case 
satellite elevation angle of 10°, (iii) the ctosscd--dirKjie reie ving antenna , (iv) 'he 
rereiving system tioise temperature ol 200° K (v) the 2 db clipping loss , ana 
(vi) the 30 llz and 7.5-11/ loop bandwidths lot the 1 (ill/ and 2-liM/ sigi.as, 
u?spectively Ttie dynamic tracking ciroi due to the time— late-of-r hange nf tl e nput 
signal fiectuency would he well under I ”, as would the static ()hase crmr, ev^n v. : the 
use ol the nattowet loop bandwidth loi the highest— fieguency signals. The lout' output 
would be fed to digital circuits which would pet foim two functions (i) aconcnuously 
accumulating count of the integml cy( les of the locked osc illator . and (ii) an d.* ‘ura:c- 
measurement mrwiulo one eyt le, nf the oscillator phase relative to that n* 'he lerr. 
clock The instant meous - ilue of die accumulated cycle -count would be sampled 
nunuestructlvely at seiuciud limes, accoidiny to the cluck Tha phase measuiement 
wr iio aiso be made at selected t.mes. wvith 100 ns time n-.i 'i.-tion guivaie'.' t-j 
~0.U2 cycle phase resolution at the ~200kllz IT This measuiement could he niaJe 
with a digital stait— stop i.ounlef with a clock ' late ol 10 Mil/ Hie coum would !/t 
initiated by a command fiom the ground teiminal controller at a selected lime ai-.ordini^ 
to the teimmal clock, and would be halted approp' lately by the ouioul o* ttie locked 
oscillator, lor example, by the next occuiring positive— going liansition Averaging .vould 
be pci formed by timing a succession of surh time intervals tie., by lestariir'g and 
icstopping the count) over a time span of appioximately one second By v •tut of this 
averauinn *h» rms random no'se :•> th> di . I'ent phase mcasuo'- ' •• Id b" -.''i-eHt 
to less than 5° , the cciuivalent of 2 mm of elo.;tiical path Iciigtti at a freguency o< 
2 GII/ , (The equivalent noise bandwidth of the measuiement would be ~ 2 H/ i.itcj i 
of — 1 IIz botsiuse C'f *iie image "fold over" ; lor the 2 OH/ siyiials. the SNR in th ; 
bandwith would be > I S db) 

The phase- locked -I oup (loriion ol each mixlule could be implemented vvilh 
low-pc>wer, analog, integiated cucults and low— power Scfiottky tiansistor-traiisit' ■ 
logic (TTl) circuits All uf this lirruiliy combined would consu'ne less thun 0.^ >• 
Continuous cycle- counting could be De'fnimed by a standard, low-povo;i, "lai-;> - . c. . 
integrated" (LSI I circuit that also c/ould consume abo it 0.5 w of power The lUU nv 
icsolution timinj could he iinplen ‘’itte-i with standard Tfl circuits tliai womd 
atiproxlmately 2 \v However, power would have to besupplit d to the lattei r-iicoi'iv 
only for the ~ 1 second inteival duiinij which the f' jct.onui -i \i le phase rneauiei: '’ni 
was l)eing iriade T or many appliiations, these measuremen » might be repeated 
infrertueiuly. at several -minute ini'-rvnls. for example In sijr-h rases, the average power 
consumed by each module would remain at the ~ 1 w level icciuirei to Suda the 
phase-locknd-lciop and lyrle-accumulating circuits Inasnnjch as the compiote rt .eiver 
would require al:out 20 such incxiuliis. low power consumption pe- " orjulo > m 
important advantarje 

The fcasihiliiy ol building a modui with the cfiaiar terisias desci t-ii".. I hj ' 
dernonsiruled hy the diffeiential Doiipler rcceivci developed by II F Hinlereegor .e ' • 
of us (C C C.l and apii'licd to diftereiK V'LBI observations ol the s gria. ti. -isi 
from the Apollo lunar— sui face expeiiments packages |8). |J| (9) . see also Figure 3 n 
| 10 | 

2.3.6. Calibration Signal Generator 

Signals from s.itelliles weii • m deigo delay., in the RF .implif ■ s • 
and the IF ampliliers ol the meuiv, I Peso delay"' coulrj he calibraterf by ,n|t- log a 
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suitable signal of low (.wwci liimc iiy into the MP input of tl''* revt ivci . The ^ a' ' aicjn 
sign.il coulil lohs. -I of a parioiJic tiain of pulses earl' 20 ps in iluialiun mil .11 
derived diiertly tioni tlio mast.'' crystal oscillatoi A pulse iei»i‘iiti.,n lie<|i- '.y .t 
< 100 kllz would be rh «i;'' so I'sit at least two of the hamionirs of this C9' •' it' n 
signal would appeal wituiut"-p. and of each IF .tmpliliei I wo hai nionu.s ate leu jut I 
To monitor the group delay as wh|| as ttie (ihase delay vch iations of the loreiver . The group 
delay - the var ation '* froguency — is important to monitor be> . a • e 

signals receivwl from duieiei ; siuclhtes have different fieiiuencies 

The phases of the . al’bration— sigrral hannoniis would he measured in.? / 
the same way as would the phases of the satellite sign.rls This mothryl has been us* d 
sucressfully m the calibration of other geodetic N’LIil lereivei systems, at the millimeti?' 
level ol accurai'v [ll] (1| When toinbined with ttie results from just orw- . -i f 
rne.isuiements of the phase -shill -vs -freouenry char actor isiirs of the If portiimsof ih.? 
receiver, carried out when these are originally built, the infoimaiion Iroin the uil.Uiation 
signals should serve to .account for all receiver phase variations to within an urn ertainiy of 
undei 1 deg The calibration signals would not have to be rrionitorf.,1 continuously, hut 
could be checked, lor example, oefore and after earh satellite tract ing period as dist.issed 
below 


2.3.7. Atmospheric Sensors 

The delay of the radio signals introduced by the neutral atmosphere must .-e 
rnti'ieled 3 i 'iitaielv. .TS disc'issM i 'n ^r»('tion 4.1. Thus we would imlude n suitah.y 
compact, electronically -readable b.irometer. thermometer, and hydrometer n each 
inter lernmeter terminal Such instruments are available commeicially and are incorpoi.ut I. 
for example, in sortie compact satellite Doppler -irar.kintj receivers, It the uata Iron, a 
particular set of terminals am to t>e nnaly/e<l at a central loraliun, it may be feas’hle a-- 1 
more economical to omh he sensors from the terminals anri to in’erpoiaic- fr. n 
weather-station teconfs to obtain the values of the atmospheric paiameters ls>-e 
Section 4 1) 

2.3.8. Control Logic 

All of the control fun.'liotis to Ire carried nut in the ground teirn nal ■. ..J ■ 

automated straightforwardly lhroin)h llin use of an inieiiratod-circuit tnicrofrio. ns .ui 
Houtine functions w.aui'l .ncliide colle< tion of d.ita includincj the atme . lie. c 
informat'on, the cycle- ro'ints, the time -inertanents, and the reo ved signa .. ' ' . 

levels. Less routine t. met. oris would Include the determination of the trroper uh-e 
calibration of the sign.ils rureived in tfm different h inds Tiip svvitchmg o' t* i 
locked Itjrjps to the approfuiain frer|urnc:v tor ac:i)uisitiun of the satellite. Sana"’, .v. i 
also be aulom.atrd. 1 O' signal .jci - . rion. at le.ist two altemafve st.dtcgic-s cc 
lolluwed. each l..rs»''l on the f uiiiollor's .ihility to |i) monitor the hniinenry - 
oscillator in each | ,ise -in. I cel lo.'p ihtouijh cycli i.ouni.tig , (ii) slow o i. t. 
(jscillaioi niiWfitd or downward in neciuett.:v , ano (iii) note the amtilitudr c' ‘' p 
c uherently— dei.-i ted sirii a. ircim each ph.ise detector. 

|f the 'vnic; iri tvru-Wiiy cr.tnmurm .ition with a central pn «.:,iri.| 

station, this station non'rf ’nMi.i-t '.p crintrollcr regirrl nq the times a' I fieiiu'i 
which nc»w satellites muld oc diuoanl But it would also be pcisj..rie, anri . ii. 
prelei.ihle. (or die cont' '■ t' itnm,iticdllv f't . ' > •' mt. . fxji I . 
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12 fietiuencv di.innels in thn lowesi-ltequenrv ( ~ 1 nil/) band would bo swirpt by 
aphiiso-lockn.i lonpseaichiny loi a signal (Note that d is vastly mo'e<»lf < oni too'uducl 
the swiith .ii the lowosi liei)uen( y because (i) the loop lianavvidih is .vidi.i . (li) tito 
loop time lonsiant is shoi let ; and (iii) the spe triin: t.) I o seat • 'iM s s allei Sinon the 
fiist two IcH toi' t»a. h vary with the square and the thiid with the liist power of the loJIo 
(loquency, we cont lude that the search time depends on the fifth powet of the lailio 
frequenrv ! ’ Hi" tht- siqnal stiengths and bandwidths yivon previous . ppioxiirately 
lOse-.onds wou'd be lequiiud lor one loop to seaich completely one of itiese K kH/ 
wide cbannols. Of couise, ddleieni loops would be piogrammed to seaich difleieni 
channels simultaneously. On' e a new satellite liad tlius been at tiu'iod. oibers of the 
2U loops could be assigneo by the coiilioilei to lock (Vdo the s^gnois lidiismilleit in 
the oiiiei b.inds by the same s.nelliie. I ess seaichmg would tie leOui'ed h s step, s iiue 
the Oopplei shih* woumI t ■’ . nuwn 

Whenever a s<JTellite is acquned, the pfiases of ail of ttie sinusoidal signals that it 
transmits would have to be measured simulianeousiy at least once, to l.tier enable the 
interferometric ptiase an.*-iiju!ties of ttie ‘;innals to lif i ifipedv nsolv*. J. I hiS task would 
require the simultaneous commitment ol up to ten Cua?' -locked loops to that one 
satellite However, once this task, winch would i.d onh a fr ■ 3 rv rinds, has been 
accomplished only two lotips would be ne' led to tiai k the li.jliest ' n west frequent y 
signal- f'om the sa’pllitp Thus, after e: ■ ■ dinn ^ •I.l 2 n a iiUiguiiiei, it «vri;i 1 Lu 
neetjssary to maintain a con'inuous count of the cycles rccciverf from th(>se two signals 
only to remove ionospheric effects In the steady state, sirmilijneous tracking of, say, six 
satellites would lequire iv.-eive Ioof>s, and eight loops would remain lor other tasks Ihesc 
tasks would include the petior.fic monitoiing of the ptwse? arid amplitudis of the 
calibration signals in all of the IF bands, and the sean hii-g for new satellites To teach the 
steady-state condd'on alter five of the six satellites have already been acquired will 
requiie up to 20 of ilie phase- locked loops - ten foi the stcr.l, siat ickaig of the 
first five satellites and up to ten loops to enable the profiei phase corinc i.on to lie tnade 
for the signals from the sixth satellite The total time to teawli a steady state would, on 
averatje, he about one minute 

The control logic must also contain means to ler -xjni. e any 10 . - on a spurious 
signal and to icjoct this signal , in such a scheme, advatiiage 'H'lsi he tat , a o( ipf. known 
relation between the Ireiiueiicies ol thn varirius tonus tiarismiiti-vi by each' ..uuiliie 

2.3.9. Data Storage and Telemetry 


4 



i 


We estimate that iibout 3500 bits of data would n.'V'l t i ' tmetl at. or 
transmitted by. oarii terminal for the ind'al determinafun ol a i k. iiiis total 
inUiiili-r allnwan es of 33 bits foi the integc -cycle co ini, 9 I- 1 * '< • b,ic|ionai- 

Cycle iilifjc l'■^.^■l;urem^■n^. 12 bits for the meaMiied va iP o' tip iu, ' and itl least 
I error— lUg t)il 10 indirate loss of lock lor CckIi of ih*' up to 10 sign,-' ■ereived horn 
each ol r s,itr- I'lcs, 1 "J'. a few hurulreil bits lor lime 1 . t o'btii I. ind lot data 

on the .iimosijiieiic patameiors. This quanilly of data '.ouid be tt,' . i iited river an 
otdinatv tplephonp line in 2 ■ 3 seconds Alter the init a' "'gn il -icrjus 1 iiid ol ase— 
■irnliigu ly -iLii'iiiiii'ii i nrai ons had been umiii .cii 1. .1 1 . fp cIs ' .l ay -iix-kisl 
loops were trai king each s.itellite, a baseline reduteiminaiion could be [lei formed with an 
additional 1 Mlol i ol data from each termia-il Pi;.i 'ion a I n. -be' of 

i)i'-..‘jivii- i.!i .( .1 . ...10 lie stored within the teiiiunai in .nu>(,«i... »»ii, late nemoiy 

di vices. ,ic I . .ij' 1 !;• • olleutcd later, (or examp.e by V ih iIh.‘ 
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aiUition to the tefininul o( a 1 watt micrwave tiansmitter, the dau rouid be rpiayed 
liom a lemote to a cential loLdt'on thiouyh a satellite lepeater Alternat^wly, U a 
telephone line were available within — .SO km , a UHF oi VHF railio link and j icleiihone 
"r'atch'’ could be used. 

2.3.10. i'o>->;i supply 

The complete teiminal as described would icquiie about 50 w tts ol powei 
Thus, it could not operate continuously and gnattenflecl foi Innq |>eriods without a 
steady powe' source For applications in which obseivations every second wcio not 
reciuiied, the avci.iye pov er consumption could be kept to about 1 watt , since most of 
the electionics, save the master crystal oscillator and the clock, would not have to be 
powcied excctit duiincj observations In these applications, powei miyht oe drawn from 
batteries chaigcd by nn ariay of solar colls. 

I he possible characteristics of theinterferomcier ground terminal are surnmaii/ed 
in Table 2 and Figure 2. 



Fig 2 — Block diagram of radio signal receiving and processing portions of Mighty MITES 
ground terminal. One RF-to-IF converter and one IF amplifier are required for each of 
the up to ten RF bands. Up to 20 phase- measurement modules arc required as explained 
in the text. 
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Table 2 

Possible Characteristics of Ground Equipment for 


the Mighty 

t'quiinneiil 

AnU'iina 

Type 

1‘olariralii^n 

I'IcquCIICICS 

Gain 


Receiver System 
l’rc-ampliner(s) 

Fie^ueiicy ranjie 
It' Amptiriers 

Center I rcquency 
BamluiUlh 

Time & Krcquency Standard 
Short-term Stability 
Lony term Stability 
Digital ('cuiitini! and Tiniiny Circuitiy 
l*liase-l ocked l oop 
Dandn idllis 
Time Resolution 
RMS Noivc in Phase 
Measuienient 
Calibration Signal 
{'•encrator 

Pulse duration 
Pubc Repciitiun 
I requency 
Atinuvphcric Sensors 
Cunlioller 

l>ala Storage or leleinetiy 
Capacity 
Medium 

Total Power 
Peak 
Average 
lulal Mass 
lotal Volume 


Mites System 

Ihwriimon / Omractcriuut 

('tossed dipoles slacked ^ k / 8 above — iO to 

90 I m diamelei giuund screen 

Circulai 

Selected coveiagL hum I tu 2 (ilia to match 
transmitted tones 

>1 telallve to circulai “isotiopic" antenna lot 
elevalioii angles ^ 2U deg , - S db at elevalmn 
angle of 10 deg 

I'ncoulcd transistor(s) 

I to 2 GHz ill one oi a few bands 
Gp 10 10 identical units > 

200 kHz 
200 kHz 

Crystal oscillator 
*>- 1 part in lo’” 

1 part in 10^’ 

'■ 20 idenlical units 

7.5 and 50 Hz 
100 nsec 

<5° foi one second integration in worst case 


^ 20 psec 
^ 100 kHz 

Uaiiiinetei, llieimoincler, liygtometer 
Integrated - circuit micropnH-ecsor 

1000 to 5500 bits pet baseline deteririiiation 
Solid -stale niemur), cassette recorder, radio link 
ami or telephone line 

■s- 50 w 
I w 
"s- 15 kg 

~0.1 iii^ 


lb2 


129 


ORIGINAL PAGE IS 
OF POOR QUALITY 


MINIATURE INTERFEROMETER TERMINALS 

2.4. Possible Design IViodKications I 

The piiiticulai design we desinbed was rrotivaied mostly by the iies.te 
simplicity and reliability However, many modifications of the design of the M'ghtv 
Ml TES system could he made to nirominodate diffeient requiicnients or const iirv: f o' 
example, if nei.'essaiy, the banriwidth leqtiired for the systijm rculd bo r 0 diH.ei 
substantially with perhaps negligible degradation of (rerf'Drmance It is likei/ that j 

simple analysis, yet to be (terfomiKd. would show that satellites seji.iiated by only 90* ' 

in orbital longitude could be assigned the same nominal transmiitoi frequeiuies without _ 

risk of mutual interltvence, because of the difference between the Doppler shifts of then 
signals as retoived urt the Earth If so. the numiter of channels, and tlie total baniiwi-lth, i 

could be halved It might even be feasible to reduce tt>e numher of r hanneis m each band | 

to one . that is, all 24 satellites might fiave the satrie nominal transmitter fiequcricies | 

Typically, .about eight satellites are simultaneously visible at a given qrounrf location, but 
the Doppler-shift and random, transmitter -frequency, 'iif'oronces would cause the r 
received frertuencies to be scattered throirghout the width of the ban.i Two Kf eived 
signals would fiave frectuencies differing by less tlian, say, 5 11/ prribjpiy i<^^ Ih;. « 
of thetime Itshould bepossiblelodesign a receiver to mak>' acTuiate phas c. 
on unmodulated signals which have similar strervitfis anrj hequentries th t OiHc 
little as 5 H/ . the receiver could also give an rndication of wtien vahd measuremi-nts 
were not obtained due to Insufficient frequency separation betwrjrjn twr? signals Howi-vcr 
this approach might introduce cwnsidrirable complication mio the rocervet A itiore 
efficient approach, if it were dr>sirfvi to Iwvc many or all satellites sharing a single r nannei. 
might be t>: rnodulate thic sig"dl lian;>mitted by each satellite witti a unique, but 
narrowband (< I kll/) "(xxfe" signal which could be rlctected in the receiver and metj 
to discrimliiate hetwr'eu the tiansmijsions from the different sa'ellitHs ^he 
approach is in fact used with the standard Gl’S navigational siqrtals. exL^!pt that ihe ' extes 
employed are rather complex anti the modulation bandwidth is over I Mil/ I ’lie ‘'iij' 

Cil’S code complexity and bandwidth are tequirt*d for purposes not i-ssentia! f.>* Mighty 
MITES) 

3.0. System Operation 

In this seriion. we rerapitulate briefly the operation of the M'cjhty MiTbS 
systcni with some more detailed emphasis on ttre technique for elimination of ilii> 2 rr 
ambiguity in the phase-delay tneasurernents. ■ 

Each satellite would transniit a set of up to ten diMetcnt torici Each lo' o hn"! 
oarh Sdlellite would lie in a given radio -freouency (RF| band Thew. Irands. up to ten in 
all witfi each 100 to 200 kll/ wide, would f>e distributed suitable lietwcen ' I (>11/ 

a 

and 2CiH/. I hu ground terminal antenrur, being aptiroximaiely omrri- ^1in»ctirtnai lor 
olevation angles above 10 deg arid sensitive tu sigrtals in each 'ut these Irands, would inc^ 
up the tones from those satellil»?s wittiin view 1 lie rricoming signals in oocli hor/i Vvuuli) 
ihi-a be amplified arnl converterf to an intermediate frequency (IE) hand, lentr-icd al 
~100ldlz, b,' r.'I.jiMj the amplifir>d signa)s with a local oscillator signal der.ved by I 

coherent rPultipliialion Iron the master ci /stal oscillator (Section 2 3 4 i Tire i i.ii i u 
ir signals would men l>e band-pass filtered, to select signals within a 100 to 300 kll/ 
band, and cliptred to obtain .i two - Ice/el signal that could be handled easily by I g ' il I 1 

circuitry A subset of the ~ 20 modules (Section 2 3h) that contain phase- lor ked 1 

loops would be automatir.ally director! tr) seattfi lor Signals or ginat'ivg in lt^• 12<! 'c i' | 

rhannelf In the lowr?si RF band (Section ? 2 2 ), sinci. the elh. ioncy ol tho se.irch would 
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be piuportional to the Inveiw fifth power of the RF (While the leni'tr.il it trucUiig 
signals from a given set of cfiannels in this band, further scarcti woulii lie o nl j the 
reniaining channels). After acquisition of a signal in tfie lowest band, the totniirul Auuld 
seek to acquire the signals in each of the corresponding channels i'’ iha up i: oii ■ I a*" r- 
treqiiency bands. Tire krnrwn separations between the fiequunucs ri the vjr j> ■ dv 
would enable this search to he conducted very efficiently Should the search fail in a 
sufficiently large nuintier of b.irKls, the originally-acquired Signal would be assuined to 
he spurious and a new search of the channel in the lowest HF band would be tinder taken, 
picking up fiom the frequency of the spurious signal. Only ten seconds would tequirea 
for d module to completely searrdt rrarh " 8 IcH? wide dtanrwl (li tion 2.2 2.) in the 
lowest RF batKl as ttie loop bandw'drh wniiid be ~ M) Hz ISection 2.d.5.l, amj its iitne 
constant 0.0.1 s . Any module v^crld also be able to trac k ai. .viu ir .i • total 
200 kl!/ v’de IF hani The signal— lo-nO'Se ratio for tl>e satellite s gnals race eu Aould 
be sufficient for these operations to be carried out for elesatiun angles as low as 

The outputs from the set of loops, or modijli?s. which hat) arquirid Sic.na'S 'rom 
the up to ten tones transmitted by a satellite, would Lie analyzed by digital • ircuits to 
(i) accumulate a continuous roirnl of the number of integial ry. les 'ra.le by hie Itx ked 
oscillator In the loop; and (ii) measure, modulo one eyrie, tfie ph.«»' of thir sgrui, 
relative to the dock in the terminal wliictr is controlled by tfie maslei ■ rystal oscillator 
These two rneasurenients.comhinr.-d, would constitute the basic one marv by each ground 
terminal, of the total phase of each of the uo to ten tones receiveo irem r id' of the 
satpilitr bc-i 'j t'a'i ■'d These i'h;r«MS wo'iid .siso hr* > aiihratrvt rnr the niter', o' lelay: 
within the receiver ISection 2.3 I The icrsultant total phas<4 wijiiid or* ,a. 'i ' .cMgeci, 
say c‘Vfi one rwcund, and time tarjgof.1 according to the dock in ttn ' jiminal Alin initial 
arqiiisilian, it might be sufficient lor some applications to 'ontlnuc to monii ■' only the 
phases of the signals In the highest anti lowest frequenry rtiannels for eatti satellite (see 


Section 2 3 ft I 

In one modn o( oi'reialion. thrsn averaged data would be tr.insm tied jlorvi with 
auxiliary iiiftMtn.itiui ■ including the measurnij valiiis of the f'ut ■ ric'*- o' jr>-' - 
ISection 2 3'-' I, tium each terminal tt. some central location. A* |h % cenpal |. ... il-.a 

data from any r>air ol tr-imlnals could be analyzB'l in (i) lemov*? the 2 rr amt ^ yano 
simultaneously, tlic- ellix i of the ionosphee . and (ii) esi.mate the compoi "n's ■'f ‘he 
fxiscline vector hetwi-nn tfie locations of the two terminals Toperfo' ri tt< s t.i ..•on' 
information is nnctled, namely the positions of the satelliies as functions of i.me Crude 
or refined, a priori, information on terminal loiations could a'so . ■ used 

The radio frnquonrles of the tones would be distriliuod hi iwe< - I anJ 

2 011/ in a manner dfsignrtj to facilitate removal tif tlw: In aincg,. ■! 

interferonietrrr phase delays. This distribution would involve spacings in fre-.. . iiiy that 
are nearly in gerjrii. iric prtnjroiision, starling from a m.niriium six. 'tg of a* ' I MH/ 
(A strictly geoirrcirlc progressioti would not he used princmi. rai.ii-.' 
constraints on froqix'nry allrx.alion,anrlt)«causi'«p//o/’/ knowledge n.g. of the iuoosi<fiere, 
would he exploited!. 


The (ihasr; of ear )i ot the signals measured by each termirial could b« ronvurteJ 
to delay via use o* »hr ‘i>i isured value of lire tatfio fre <4 loricy ’ 'i*; 2 rr i i.' ji.'ty .inrf 
Itie ionosriheric erfaei. roild tre elimitviierj from tier result. <tg vi o' 'to to ten 
inli't lerometric plu-^ du.ays at ear h measurement . iKKii by a "i jisi ip ‘ cn n 

whir'll the amb guily is dirninatr^) first lielween ilie delays that result frran n.»,aiU'prT>(viis 
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at the close' paiis of fietiuencies These hHoueriLiet woulU bs pliKc-ii at the lugh, 
2 (iilz , end of the total band since the uriceitaiiitv in the innosi)lu*i ic etfe< i« would be 
lowest theie Apart from tlio elfer.ts of nois<\ the thafjtt of tlie ambiguity* fiu>’ phase- 
delay vs , frequency curve is aa.uiaioly known arnl of rouisr, taken Into account in the 
algorithm We urnli the deUilcO presentation of this la’ily stiaightforwaid algorithm to 
spate the reader the superficial complications engendoti>tl by symiMils Ireinq festexmert 
with the three sets of subscripts and supeiscripts necess.iiy to Jistinruiish the different 
satellitrts, ground terminals, and tones 

f'oi continuing observations of tlie same satellites from ilia same terminal*, tire 
amhiguity and ionospheric elimlrratlixi algorithms could be largely bypassed jitur the 
initial elimination Only the inteifcrorTteirir phase delays lui the highest and low*«st tonm 
need Ire lollowed continuously, these could he combined very simply to reitiuvr.’ ttie 
ionospheric oiler t Simila''y, for termirrals closely— erv5uyh spaced lor ioitostiheiic H let ts 
to Ire negligible, the ambh Ity -removal algoi ithm could be simplified sonrt%vhjt 

The corrected ii • 'rferometrli nhase delays for the s.itelliies trai'ked from a irair 
of terminals would be anaiy/od by, say, a standard least -squares aignr ithm tor (.^1 h epoch 
to determine the vectoi havrlino, as outlined In Section 7 12. Variations in cluck 
Irehavior at eithei terminal over the sirjnni integration interv.il wnuld not aMeci the 
baseline result since ear.h satellite is obsciwd .ir the same timr - iiom a given teinnual 
The ellact of sut;h variations woukt therefore caniel hiiaiise i f the lirieaiity 01 fcquation 
(II, which would covet the same tims interval lor the otrservations oi each vitehit" 
Howerret, a "common -merde" error in th«' et'oehs nf the clocks at tire two t». ' lals 

would altect the Iraseline result because the assumed posh tuns iried lor the Vitfrllites 
would he incorrect. Tinte tags nn Ihe interlorometiic data accurate to a millisicond 
would reduce tms error to a toleratile level Such clock atcuiar’V lould p.biIv be inamtairreil 
.'or terminals in two-way lommi miration with a cenliel trroressor Alteirrat v«'lv. With 
otrservations ul at least firrr saiellilc-s sirnul'aneoitsly, ortc could Sfilvsi lot this cotrrr’ion- 
mode eiroch error Anothci allot native, in principle, would (re to oEitam the tiitre by 
docorJirrg the siatxtard Cil*S liansmissions 

4.0. Limits on Attainable Accurecy 

Tire accuracy attainable in b.iselinc oeteiminaiiutis < II be llrilied prlm.uily hv 
errors in knowledge ol (if tiro piopogatiurr medium and (ii| the positions of the 
s.'iicllitcs Tire effects of both of these viurccs of eiror incie.tv., jibed dilfcier.tly, as tlie 
length ol tiro baselirte inttrrijses, we tliscuss mrii in turn Unaliy, we discuss ttic Iibs 
important limits due to the relative geomijti.c configuiatioii of termi.rjis and satellllr>s, 
arr-l doe to iuitruriieotal olfucis. 

4.1, Propagation Medium 

The (xncuKjation irrerfiom rontairis, in efle< t. two c rMiipormnts tftri ionosplrcre 
and the alurrMphere The ir.iluenre of il«) fotnier cirr.be viitoall, eliminate 1, as cits, r ilatd 
in Sirctinn 0., by utlM/ing Its distrersive nature The troprrstrfreric ellect on thi- electrical 
I alh length nf the radio sigrrals is harder to detei mitre bci juvi iho n« utia atnrosplnire is 
trcarly non-dispe-rsive thiooghout the radio band ol treuuerKics ThiseMeit, tyi‘iiailly 
about H ns at tlie /eniih, is vanatrle by .itrout 1 ns, due mauiiy to vn>iation< i.n lire 
ar'Miunt of watm vaiKX in th«.* atmospfrere If ground -level ' o*:! ••••'’''rti aitrrospht.rir 
(tressura, irmiper i't.re, anti dew poitit arc used to calculate Iho aimosprierii. zenith rlelay. 
tlrr‘ tins erto' in the result itray lie redured to ai'tn), 2 to t rm |1?1 
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Howcvpi, toi ha^iinr* of a fcvv kilorncte'l o» les» in lenuKi, .ind fnr t.iw ui ti«<arl/ nqiuil 
elevaliorw afiove iiw lcv«l. ttip atinr»()h#fic deMvi intioUcimJ d( the two ends of the 
Kmei'n** tw«1 to rancHl to a high deg>er Out limlteif e*c>cf .ctKP with inch short haielines 
ifwTwi. foi eojmpic. that tropr>sphefir effects can bi« lowered to the fniilimeter level |1 1 
and. in aiipropri«te rlimatea, ic the tenth mifflrneter level ] 13) for has«.>linM of Innrjtfi up 
to five kilometwi For lootj 1i.isollncs, a senrs of Intetleionietric irrea^iitcrrients by out 
group PI Involving Ifte Haystack and Owens Valley antennas, wi|><iiated by nearly 
4,00() km , rt^'rnonitrmerJ that a do/en basel.no length deter in. nations, d'sir bntprl over a 
one and a Ktif year petigd, sfiow lepratability at the thioe centirttetm level with the use 
0l only suifair measuivnenti ol atmospher.c par.intel«« Highr-r arcurjey ipsiiiii m.gfit 
Dv ubid.i.abie thioiHih us( f water vat>Oi radinmelers isce. fm enamplr. (1 ^ | arvi 1 1b| ) 
to mnnitni llv' watei -vai rnntent atK’ve e'^ ter ■ nal iw-rhaiis the contrihnt'nn of 

tlh' r. ipn.;ptv». g the Iini'erfainty In ba»plme_>^tc>f Herermlritlon cOillfl thrrel'V h< 

(educed to the centimeter level in .all throe components even for bas«rlines of 
tr.insrrjntlnental dimensions However, tfie eff'Cary of water- vapor rad.omeieri for this 
puiposi Iwts yet to be esiattiishcJ reliably in VLHI expei intents under various climatic 
cun.litiont Moieovci, at the twescnl stage of technology, the water -vs()ot liKliometert 
wuiild be niutfi larger, anil more eMiensive, than our prnooied ground tormirwils — the 
use PI su. h i,KfIometeri wuulrJ be similar to tlte tail Wiigg rig the dog 

One uin alsu tai^e a lvantaiie ol aver aging Since a baseline dr tennirialion can be 
m.ide. on averaqi.' onr« (lei second, one i»n afford foi tr.osf applical'..')ns to osciaqe the 
'rniilts lot niany m. notes o< longer Fu'the', with more than loui satcllit»*s obsvivod 
simultaneously, anothri foriti of retJurKlancy Is prtss bie For both types, one can .ise the 
level ot stafiil.ty of the date and of the results as art iniiir.etinn ol tlte arciiraiy of the 
baselirie dotei ruination 

4.2. Satellite Positions 

Frrnrs in our knri.vlr*fli}e of s.itelllte positions ate muted m thr*ii eHects on 
liiueiinc' dviit<ni'n.)li(jn by the latlo of iht- Isesr/iioe length to tfie satellito altitude 1 hut 
foi lidkelirv- lenrjtfis of a few hundred kiloincte»t, ttie sensitVty to sati-lhte position 
eirors is ftidia'rsf hy a tai tor of nea'Iy two hundred fia satellites of ttie OI*S type Foi 
example to acltieve "instant.ineaus ' at . uiaties of 2 cm ovm a 100 km Ursei.iw would 
lequiresnii'lliteposilinnetrrststduher tfian 4 in (Note tfiat lor a iMSelirie shu'1 compared 
to the vitellile ailiturte, lire interleiometi ir delay Is sensitive primarily to the diiect.iin of 
tlic satellite, nut to itsoititulel For tt.inscuntinental Ivtsel.nes. the immunity t» tor is 
under tnn and latf :.i*i x»ita>n eirors herome ol cntre; 4 Mtnrfingiy giwater imf)ortan<:o 
But. m disciissfsj eoi ' . eMecls of sarelliie iMjsit r>n errors mtght lie teaudhie to the level 
ul Ihe atmnsphieic ennts it b.ise st.iti'ins wv e c*r).|ii)|)eij to tie the sa'eiliie positfcais 
runtinuously Ovc< the itytuirad inainds to those ul oxPa-).i.actic nhiectt through 
d.llufimnal M 111 uliservations Averaging iiie l<a>.'i.ne results ovtc I'lrig penods ol tirni', 
arwi, tiuni e. Over irwioy satcililcs. wiiuid be dci.et.tabl* try many applicat'ons onif would 
I' 1X1 to itxiuce Hie elfer ts of satelliiv prAiiinn errors 

4.3. Geometry 

l^e now crmsider tier ettei'ts on tlie auuracy of fuseiinc deterttimation ul itie 
geometrir distribution of tfie satellites Given the uncertainty In ttie irvi«si»ie-*icnt of 
inturferoiTietr , |a.ase delay, the fl< lr«in rmir)r> o* tfie correspijfMl ng unnertairity in Uie 
estimate ot the b.iseline vector is non-tnviai Tte* task is rompi t .ried liugc>ly beasosc- ol 
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Rn- unknurtn. systiMTiotic. »»ftec(s inirolui.ed liy llto neulrsl ainiiM(ih*rc llov^rve; 'jt» 
f»eitiiK;nt qi)>ntion ran lx? antvvpfH I'y an elwricntary analysii WIml iy ilm t'nieiv 
OTOint'iiira! rnuUipiyirnj * ifi 'f .n iha convruion ot phasr- clelav iin<.rfUmty to twsaf 'tr 
component on. citalnty ’ To iiOidin an an^wei.vvc the tollowiryj simpliticfl ^«p^e^ill'n 
fur the inicrtc'ui wtiiu (iha:>e delay obtained from obM-i vanoii . 

teimliirtls (sec. tiowevei, S<>ct ..n ^ 1 ) 

T,o ■ - I 1 s r, I - I s fi 1 1 f r‘ ' 

c 

= i|(rj -i1 ).i +i I 2(r,’ r,’ ) ( r*, • il’ + ('r, • i )’ ] | i t*' iJ) 

c 4 1 

r < I , 

where rj(ii« I ,2) and » are VMlots. troni the cirn'er of tin r.jtth to flwifrmiir.es .vj 

to the satellite, ri";;XK:lively The analysis was b.ised r>ii thef'PS . rl ipj-.r . . 
satellites in eai.h 'i! the three u<hital plants assomeii in t>e rrossimj n i -r • 

1 M 0 Raselme w ili I r j - i , I < y were rnnsldered as on iliintrarion . undri these 
i.ondifions, the inm in brackets in Conation i2| can he ignoted However, the tfferts o< 
|nril'iv aiK» t /3 ii'.i r.r. <r » (Tie o* 'll- 'jtclli’rc mii't ‘'.i« run-.idoretf -ni r.u s vva; 
i:aicalat(vt for ttic vector ftom the li.tsel.nt’ midpoint to the satellite. Observations were 
assumed to be rnadi of -ill So C' . . wnosc elevation »nylr,>s. .» yic-w<,-0 Iroin tnC terminals, 
ext.vedco 10 flag 

from such nhsriryatirjns, at each instant, the three comfKjricnts of the hast ' -w 
vetjot arvl tfte epoch offset of the dock at one teimin.ii witfi rosi.iect to that ot the oilier, 
could he esiltiiji*d antj the ':*and.itd ttrors in these estimates iteteirTiirwrl Ti; rn- 
from titc iir-alysii and relllrnf nlor-iaticn on the geometry are presr-nlrM in frsrn-r.s J . u 
4. Figure 3 is iJaso-f on Itie ti-ni t-.ii- I e,o<j p jcyf at a iKHth latitude Of 40 dr g ,ivT 
longitiKle coirw iden' at I 0 wi|ii an .isrendiryj node of one of the rrrliital plenrj of iir 
satellites In Figure 3a, .-a! Sh-iw 'hr (•'•■•..ilion angles as Inm tions of time tor ai' iten . 

V sihlif IfOm ITte tr'iniiuls Figure 3b the ri-sulls of lhr» c'ror analyi s lhrsidr«)an) 

d(*viations in tlie esl. mates of tlie vertual and iIh- two lior./oiilai compuneoi' o> i 
Iraseflne as functions ot tiiiw Tfie it in-l.irif devi.ilions are given in units of tlie 'tiaii'^ arl 
error in the rielefinin.it inn nl *l< iri.'rlcio'nelrlr ph.ise rjelay for either ot lie i ■ 
horizontal rorniM merit s. the .jeorT'C'iric mijltipliratiun far lor ii nevr-r more thar. 1.2 wnli 
its iTveraje vdl.ie being riboiit UK Tin- fT<i|i|ipliruiti(in f.irirw is l.i’iiiy lor Ih ■■r’' 
fomponrni whose iitKertaini, d*|ien.h more inprartaiitlv on ilie lot.t* sp'e.. : of ' ■ 
Hevotioh angles Tfius, .rs t.in Ire s<*n in 'he F gute, lire miiMip|i< .siion fe ' w is •> .jti 
large wtien the spi«.*l is small, ai J ii.e vw..i f-ot all three lon poiiO' s tic m 

I'rroir ,« funi.iiorts of time .ire disconliniioia wbm a satellite passes cither .mije o.' 
ontlirlf tfie .flluwdl'le olmatiur. .ingie limd Wi- also note in the F igurc th.it f 'hi ai 
iKigle cutoff at I ■ b Ilf wete lov.en-i try only O.i dirg. tlie mu'tipllriil-on i.. -• 

lire v<?rticalcoinpoh«-nl would li'g' .-.e .s* tvAdold. the total H'le^l in 'rw- i i< yal .e 
thr.n includcft treing inrre.sv’'f thri -tjy ■u'm«l'Out .TO to 50 deg F igure 4 ‘ uf '• 

I orrMgxindinri resnlls for ui.’i-iv,it :s *'ti*i !• 'rTiirsjIs placed it ‘ 
on llie iiqndtor 
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Fig. 3 — Error analysis for Might)' MITES sysx'in. 

la) — Elevation angles of satellites as seen from ground terminals at iil" /V latitude. arvaiions 
are m.ide of all satellin s vhiOle above 10 elevation, except at t = CliOws , when the h^u satellites 
with elevations of 9.7 . indicated by the asterisk I’l . are also observt'd 

lb) - Standard arre . of estimates of baseline vector components, cnniptitrd at time tarvin of 
20 minotes. Points plu .d at these intervals haw been connected by continuous lines tor clarity, 
although actual "curves" have discontinuities when satellites cross 10 elevation lim.i Unit of 
baseline uncertainty is the standard error in measurement of intoiicroii'cuic phase delay inv. :sd 
to equivalent path length At time =6 hours, results arc shown both for 10 Iregular symtiolsl and 
far .9./° lasterisksl elevation-angle cut-offs. 
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Fig. 4 (a) and (b) — Sama as Fig. 3, except that terminals are at the equator 


1 he lil'DVH erroi analysis, as rnentionpil, ignoiiiS the effm ts of tfie troposphere 
tinri ot the uncertainties in the orbits of the sat. •.I''"", lo i ■' in an iiirtination of the 
inayniiudt- of tfio eflects of the iropo'.phert, '.'.e ■ anTiysis, but with the 

standord error for each nliservation assumed eriual to the ros.> ’ of tfie elevation angle 
.anil with the elevation angle ’cutoff" muintainer) at lOrluq I he results are sumtnarijr».l 
in Figure 5. Mere we see that the multiplication factors i.e l.irget, as exiieued, reacfiing 
iiP to 2.0 and 2,5 , respectively, for the fiori/ontal components for terminoisat 40 di=^ 
and 0 deg latiuide I ite cotresponrJinrj far, tors for the vnit;. ,i ■ot'iponcnt are brjih about 
5.0 , which serves to emirhasi^e the importance of the oirservations being wirfr'ly 
distribuierj in elevation angle, and, espedally. being ejriendcd to high elevation angles 

In a further refinement, we cijulrl solve in adrlitirrn i- ti c i;ommon mo'le eporti 
e.rnr Isee Section 3 01 





C.C COUNSELMAN Ml aiid 1.1 SHAPIRO 




^ig. 5 la) and (b) - Same as Figs. 4 (b) and 3 (b), respectively, except that here the 
standard error in the r’^easurement of the interferometric phase delay, instead of being 
unity, is equal to the cosecant of the elevation angle of the satellite. 


4.4. Instrument 

Tor very cluscly spaced teiininals i*io accuracy attainable in hasclln*'' 
dninirninDtion could be limited by instrunipiitdl ettects For example, with a 100 meter 
S(jacing of terminals, of some interest foi surveying and for monitoring tfie effects of 
eanhqiiakes, the contrilrution to the errrir in baseline determination from the tropos()heie 
in good wcattier should be under 1 millimeter and from the satellite-pos'tion 
uncertainties under 0,05 millimeters. Any instru'nenial effects of order 1 millimeter 
could, under these circumstances, degrade the syst>'m performance. Thus, it would be 
especially important for such applications to minimi/e the effects of ground reflirciions, 
as discussed in Section 2.3 With proper design and ralibiation. other sources of 
systematic errors in tfie instrumr’nt could probably be kept to a level of about 0.3 pscc , 
equivalent to 0.1 mm in uistance The random errors, due to signal-to— noise limitations 
fSection 2 3). comd be reduced to tliis negligible level after less than ten miruites of 
integration. Should the ground rofloctic ns be the dominant contribution to the error, this 
far t would he dis..losed in the slow variatioris with tirm, of the estimate of tfie baseline. 
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auisod by the changing dii actions o1 the signals. Those variations would also terid to 
repeat with a 1 2- hour periotl, as indicated earlier 

A (wtential problem with current geodetic applications of VLUl concei n- t'le 
determination ot any changes with time of the length of the signal path through the 
antenna system. With the large structures now in use, one must account for deformations 
associated with changing wirius. temperature, and gravity loads (see, for discussion, [’Jl 
However, for a miniature terminal with a dipole-type antenna such changes are negligible 
at the millimeter level due to the small siiO and rigidity of the antennas 

5.0. Applications 

There are a large number of potential applications of tliis interferometric 
system We discuss two of these briefly. 

5.1. Earthquake Monitoring 

A primary use of the Mighty MITES wou d bo to monitor the ie>ponai 
accumulation and release of stiain f heir use would be most effective in rc-gions around a 
fault such as the San Amlreas where the terminals could be distributed widely, and yet 
densely, in the immediate vicinity of Itre fault and the data coHer ted routinely In offer », 
a seismic array could he set up, capable of measuring displacements with millirrreter to 
centimeter precision in the 0 to 1 Ilz part of the spectrum The extraordinary time 
rrtsolution of these measurenrents of baseline vectors and the high accuracy, especrall/ for 
short baselines, should allow a very complete geometric characterization to hi ••I'’ of 
the crustal movements during actual earthquakes Moreover, during ear'hriLiair! ,, oii 
errors in out knowledge of satellite positions, which change slowly with ttme, wou^d not 
significantly degrade the accuracy with wlrrh the changes in baseline vectors cortld he 
determincHi wiih Ihtj terminals ' These M'ghty MITES slioiild be sufficiently inexpensive 
to allow a dense net to be set 'Jp, and their ability to opeiate unattended strould also cut 
down dramatically on the cost of the overall monitoring system 

5.2. Land Surveying 

fhese terminals could also I't.’ used for more tonventiotuil surveying For 
example, lor local surveying, over distances of a few kilometers or less, two or more 
terminals coulii be enrployeri. The sircveyor would merely have to set the termirrals i r.vr 
at the positions whose vectrrr separations are desired and, after the minute or so reqir red 
lor signal acquisition, ha.seline lesults t.ouir) pe obtained nnt.e pei second. Ttie Sui vevo' 
would also require sateilrte-pos'tion Informat on, a small microprocessor, and ei’ -.■.■r a 
r.Klio or a line link to each termmai to he able to deter mine these baselirres The needed 
comprjtations could easily be done in real time and woitld thus allow the surveyor 
conrplete his tasks virtually as fast as h(- coiilrJ piar e the tcrrninais at the riesirej pos-' ..tnr 
Of foi.rsp ohcprvaii'.tns could bn cootinurril by the survrevrar as lorig as desired and the 
changes, or tlur:tuatinns, in the baseline vectors, as well as their running averager., 
rnoniloted. Averaging largely rerticves Urn effects of short-term atmospiieric fluctuations, 
caused, lor example, by passing clouds 

Setni -permanent, seU-cotii .... I, local <irrays of lerminals couE' a \ . 

for a variety of purooses. As exa'rr} i- we mention the moiriloting of local c 'Stal 
movements in the vicinity of rrucinat plants, wells, pipelines, dams, mines, and i,;i,ket 

' - Note, however, that diirrng arrrt imniedtji- ndmg next lollowrng earihqa:,res insu"i. itini 

ttme would he avarlal'le for averarjrng out short term rTteteorclogrcal etfer ts 
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I tiin'-hino anc! "'.«n ihp monitoiiny of oil liqs in tfn* sfi-i In some lases. r * ■liiirwiiion 
with fiidvilv nionitoriny will yield a moie uii j.,, ’ ■ i 

txiih ciiistal molinns and changes in the mass undei lying the aiea 

F or purposes of both two-way communication and supfily of pov. ^r. a o -e. I 
plectriral link to oai n terminal might Ire moie suitable lor fixerl installatior • • jr.tj for 
long-term monitoring. If direct links are not convenient, sniall cassette recuiJe s couH 
be used to store data which could be collected intermittently. 

6.0. Precision Geodesy With GPS — Other Interferometric Approaches 

The various options ongiikiiiy considered for Cl’S gnund lermin.i • -re not 
intended to yield accuracy in position dotermindtion better than about 1 mpter 
crucial question is . can the already planned (>PS signals be utilised h- uevr ,jys to 
yield subslaniially higher accuracies in position ripterminatjon ’Various pnssiiiilmer can 
be envisioneil. One possibility (16] would be to receive the Gl'S sigeah mterier' i, tnrally 
as If they were random noise, as from extitigaiai iic radio sources. Because of t ; ticngth 
of the GPS signals. I'ven when treated as random noise, a ! - meter diameter , t' ji table, 
antenna can be used svith conventional VLUl receiving and data pror:essing •• ■ tiniques. 
The estimaterj precision in baseline detemtination (16) is 2 cm Irom 1 .5 hi. s of data 
collection for basel.nes < TOO km iri length This system promises compaiab.. ca uracy 
to that claimed for the Migtity MITES System, but at the sacrifice of cost, s t; iili.py. and 
time resolution. 

Anothei (mssibility is to utilise knowledgi. of the ps>;,'^' ■ ■- >>» r,PS 

codes so that the effective noise Landviidrh at the receiver is of tf». oio-" ■/. ten 
Hfc-itz instead of the order of ten Megahertz, One may then consiuer rapid ooierminaiion 
of the interferometric group delay, at both the ~ 1.6 GHz Gl’S bonds, with accuracy 
sufficient to determine the ionospheric contribution and to eliminate the 2 tr a' >iiit'cs 
in interferometric phase delays. The two phase delays, one at each of the tv.', t .(iiency 
batufs, roiild then be combined to lefine further the knowlrxlge of the ionosnheric 
contribution .iiid to yield an accurate vai uiirn -etiuiy.ilent pho>e d;- ly (The 
on group -delay acruracy are somewhat ameliorated foi sites closely enou ■ ’ ■, f.o tci 
the ionospheric efli'Cts on the inter leromcfrirobsrrrvnlile to be negligible! If this 'ifhniaue 
were viable, thrin the saitie accuracy in baseline determination could be dci 
the Miglity MITCS System Hrjwever . one iinpoi tant caveat whir fi bears on tb*' r ust must 
be considereif the aebir-vemoot of sufficient grouii delay ni.,”-j..y to ■ tr b 
rihose delay .imhiri'.iitv may entail considerable complication witli such a nanuw ( ^ | % ) 
fractional iiaivlwidih avacable at each GPS band. Although sit|i il lo-noisr 
Suflicient, SYEtt;rriafic effects on ttie tiet|uencv depemfence of the ptiaso deia,.- juid u. 
serious. As an oversimplified illustration, consider ground •efli'ctltins ol tli" i’ 
introduce an u rr iMeoiis) contribution tu the slo()e of the rf’asc f)( the s'gn.il rts > firm tion 
of freriuency across the barKj A difference in phase of only 1 , in oij^K)Sit.. i ■ ■■ .at 

both ends of a 10 MHz bantl. would intrrxfuce an error in grout' d' ' r.- I'cilent to a 
dis|)lacemctit >1 .ibnut 15 cm - a large (raction of the ~ 20 cm wave'enriih al l .6(illz.. 
Fo be more qiianiitativo about tlie possible sources of Such rt flei tod s.gna :■ wt t a 
the root— ntean- square (ims) phase error due tu, say. iso'irti .• , vratleriiM , o ti 
near the antenna is rjiyen .ipproximately by 

<rs’ > '” i 10 dog , 111 
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whHie 0 ii llie cros.; seuion of the ohiect, R is its ijistanre from the ai’tenna, anti Ooth 
are mensured in comnatible units We assume here tfiat the receivui'j antenna is isotropic. 

T hus. on object such as a tree with a 2 m* effective cross section, situated 15 rn from 
the receiving antenna, would lead to a 1 deg rms phase error, lo cut this figure to 
O.I deg would toquiie tfie gain of the antenna to lie 20 db less in tl'" direclio" I thi 
scattered radiation than in the diret tion of the directly rereive'.l signals A simple antenna 
with sirch high direi tivity could not receive signals from all satellit->s simultaneously, 
hence the effecw of instabilities of the (leriuency standard could not be eliminated 
simply by subtraction, as in the Mignty MITES System. A mote stable, and presumably 
mote expensive, standorj would be neerled We conclu<fe that this problem nf elipimation 
of the 2 71 ambiguity in phase with the planned Til'S s gnats may require a rather 
expensive system to insure suHicieni supfircssion of the effects of g'ound reflections (see, 
also. Section 2 3) 

o 

o o 
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ABSTRACT 

The relative position and relative proper motion of the radio sources 3C 345 and NRAO 512 
were estimated from four sets of very-long-baseline interferometric observations, spaced 
between October 1971 and May 1974. Use of phase-connection techniques yielded the result 
a(3C345-NRAO 512)=2"' 29‘.436 68± 0*.000 03 
6(3C345-NRAO 512)= 1' 40'.726 3±0'.000 3 

for the separation in I9S0.0 coordinates of the centers of brightness of the compact 
components of the two sources, and an upper bound of O'. 000 5 per year on their relative 
proper motion (70% estimated confidence limits). 


1. INTRODUCTION 

The establishment of a celestial reference frame 
and a co.smic distance ladder has been a major concern 
of astronomers throughout this century. The determi- 
nation of a reference grid and the placement of the lower 
rungs of a distance ladder have been accomplished pri- 
marily with optical measurements of positions, paral- 
laxes, and proper motions of stars in the Galaxy. These 
same problems can also be attacked effectively with the 
use of radio observations. The measurement with very- 
long-ba.sclinc inicferomctry (VLBI) of the differences 
in the fringe phases for pairs of distinct radio sources 
with small angular separation can, for example, yield the 
relative positions of the sources with errors of well under 
a milliarcsecond. Repetitions of such determinations over 
a period of years can also lead to values for their relative 
parallaxes and proper motions or to stringent bounds on 
them. 

In this paper we describe the VLBI method in some 
detail and present results from four sets of observations. 


•u Now ;ii U. S. National CiciHictk: Survey, NOS, NOAA. Kudtville. 
Maryland 30S52. 

Niiu al SciMnuloyical l.aburaiory. Califuniia Inviiiutc of Tech- 
nolog). f’,i>adcna, California 91 125. 


spread over two and a half years, of the pair of radio 
sources 3C 345 and NRAO 512 which have an angular 
separation of about 0.*S. The source 3C 345 has a redshift 
of z = 0.595, and hence a proper-motion distance of 
about 2 Gpe, if we assume Ho = 60 kms“' Mpc“' and 
flo = 1 • The source N RAO 5 1 2 has also been identified 
with an optical counterpart for which a tentative value 
of z = 1 .67 has been determined (Lynds I97S), leading 
to a proper-motion distance of 3 Gpc. If these di.stances 
arc correct, the peculiar velocities would have to be very 
peculiar indeed in order for us to detect any relative 
parallax or proper motion. However, because of inferred 
“supcrluminal" velocities in 3C 345 (Wiitcls 197.5, 
Cohen effl/. 1976. Winds ef of. 1976a). we sought evi- 
dence for any related motion of its center of brightness 
with respect to NR.-'vO 512. 

In Sec. II. we discuss the basic theory underlying the 
VLBI method, in See. Ill the observations, and in Sec. 
IV the data-rcduction procedures. The results arc pre- 
sented in Sec. V and discussed in See. VI. Auxiliary 
formulas arc •’clcgatcd to three appendices. 

II THEORY 

Wc firsi disemss ihc difference fringe phase and then 
describe some of its properties. The fringe phase itself, 
for observations of a single point source, is given ap- 
proximately by: 
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<^(/) ~ ((jjfl/f) [cosO cus(5 tos(/l(i + iii - a) 

+ sin Osin 5] + 0f"(/) + (/.'"(/). (1) 

where u> is Ihe (angular) radio fra|ucney of Ihe obser- 
vations; H, . to. and D arc the length, right ascension at 
epoch, and declination, respectively, of the baseline; c 
is the speed of light; U is the magnitude of the angular 
velocity vector of the earth; a and b are the right asccn- 
si»)n and declination, respectively, of the source; and 
and (/>'" are the respective contributions to the fringe 
phase from tlic propagation medium and the instru- 
mentation. including frequency standards. The equiva- 
lent phase delay is obtained by division of Hq. ( I) by 
w. 

If we consider that observations arc made simulta- 
neously of a .second source whose right a.scension and 
declination are a + A« and 6 -I- Ao. respectively, we can 
form the difference fringe phase (or the difference phase 
delay): 

A(/i(r) ^ •/»;(/ ) — </i|(f) 

(<e^/c) [Atr cos/J coso sin(.-fo -I- Ul — n) 

- (An sino -I- V;(Aa)- cosn] cos/J cos(.-lo + iit - «) 

+ An sin /J COSO + 0(Ao:A5.Aa’)| -f A<t>‘ (/). (2) 

where the subscript on 0 is the source index, and where 
we carry the expansion to one power higher in A(» than 
in Ao because, for the source pair being studied. A5 = 
O(Aof-). The term A0' rcprc.sents primarily the con- 
tributions due to the intrinsic ambiguity of phase and to 
the propagation medium. The contribution of the in- 
strumentation to the difference fringe phase is usually 
very small, if the ob.scrvations of the two sources arc 
made simultaneously; if not, the instrumentation can 
make an appreciable contribution (see Sees. IV and 
V). 

Often, knowledge of the baseline vector, the source 
position, and the propagation medium is of sufficient 
accuracy to .nllow the "2ir/i" phase ambiguity to be 
eliminated. In such cases, the information on Ao con- 
tained in the term A5 sin/) coso is useful. Otherwise, 
estimates of Au and Ar) are obtained solely from the 
coefficients of the sinusoidally varving terms in Eq. 
( 2 ). 

How sensitive arc .such estimates to errors in the values 
used for other relevant quantities? We distinguish two 
types of errors, those that are dependent on time and 
those that are indepci dent of time. The former affect the 
determinations of noth the relative position and the 
proper motion of il'.c sources, for example, w hereas the 
latter affect only the determination of the relative posi- 
tions. The largest effects of the first Lind, discussed in 
Appendix A, arc those due to polar motion and to vari- 
ations in the earth's rotation (IJT I ). whereas the largest 
of the second kind, also discussed in Appendix A, are 
those due to uncertainties in the baseline length and in 
the ptisition of the reference source in the sky. (Although, 
in principle, these latter errors arc also dependent on 
time, this dependence can be ignored in practice.) 


We have so far assumed that both sources arc unre- 
stdved by the interferometer or have sufficient symmetry 
that the fringe phases behave as for point sources. If the 
source is partially resolved, one has to define a suitable 
point of reference, such as the center of brightness of the 
overall source or of a distinguishable component within 
the source. 

If the radio-brightness structure of each source were 
to remain constant, then there would be no effect on a 
determination of relative rasition or proper motion so 
long as all other aspects of tlic measurements, such as the 
hour-angle coverage in each set of observations, were also 
kept constant. However, we know that many, if not all. 
compact radio sources undergo perceptible changes in 
their brightness structure over time periods of several 
years (see. for examples. Winds ei al. 1975, Cohen et 
al. 1977). We must, therefore, determine the structure 
of each source and refer the observations of fringe phase 
to cither the center of brightness, as described in Ap- 
pendix IJ. or to some suitable feature within the source. 
If one is interested in the positioner motion of the center 
of mass of a source, there is a potential difficulty in the 
use of the center of brightness or of any other reference 
point within the brightness distribution: There is no 
guarantee that tiiis reference point coincide.s with, or 
remains at the same location relative to. the center of 
mass. However, one could argue that the outbursts of 
radio energy that emanate from compact radio sources 
originate close to the center of mass. Since in many of 
these sources outbursts seem to recur on time scales of 
a few months to a few years, a long-term average of the 
position of the center of brightness or of any other suit- 
able reference point, ought to coincide closely with the 
center of mass. In any event, only an apparently uniform 
transverse motion of the reference point with respect to 
the center of mass could be confused with hona fide 
motion of the latter. Any "erratic" component of ap- 
parent relative proper motion between two sources could 
probably be attributed reliably to the relative motion of 
the reference points with respect to the two centers of 
mass. 

III. OB.SKRVATIONS 

Our .abscrva lions were made at a radio frequency of 
approximately 7850 MHz (A ■a: 3.8 cm) in our standard 
Mark I VLBI mode (Winds cf 0 / 1975) on the dales, 
and with the antennas, listed in Table I. The equipment 
is described in detail by \\ hiincy (1974) and U hiiney 
et al. ( 197(j). Tor the first three experiments, w hich in- 
volved the Haystack Observatory and the Goldstonc 
Tracking Station, the only unusual aspect (see aUo 
Knight et al. 1971 ) was the recording of data from both 
sources on each magnetic tape. Since the signals from 
3C 345 were stronger than those from NRAO .512. we 
recorded on each tape 50 s of data from observations of 
3C 345and 1 lOs from observation^ of NRAO .5 1 2. An 
interval of 70 s was .illowed after each observation to 
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Table I. 

Description of experiments. 




l-xpcrimcni 

number 

Date 

Duration of 
experiment 

Baseline 

Cycle 

lime' 

Bandwidth 

synthesis 

Minimum elevation ancle 

— 71 s~ 

1 

lOOctober |97| 

5 hr 22 min 

HG» 

5 min 

No 

50 deg 

16 deg 

_ 

> 

9 Mas 1972 

J 45 

HG 

5 

Yes 

13 

39 


3 

4Julv 1972 

3 56 

HG 

5 

No 

62 

27 



4 

2 May 1974 

3 38 

HG 

4 

Yes 

46 

59 

51 deg 




HN 

8 

Yes 





‘ 


NG 

8 

Yes 





^ See ICM for ticriniiion. 

- II Hj>%lacM43U: I lOl.G ■ Guldsuine ( 1 ,600. .’0). and N * ,N RAO Green Rank |6'0; 100), with the numbers in parentheses denoting, 
rcspvetivels. the tspieal effective apertures (m*) and svstem temperatures I k) of these three radio telescopes for these esperiments 
\«ite: A hs'drogen mascr frcqucnc) standard and the Mark I recording system (360 kHz bandwidth) were us^ at each site for each exi'cnmen'. 


rcpoini the antenn:is. resulting in an overall cycle time 
of 5 min. For the fourth experiment, the signals from 
each source were recorded for 90 s on each tape, with an 
interval between observations of 30 s to allow the an- 
tennas to be rcr oinied. yielding an overall cycle time of 
4 min at Havstack and Golds’onc. However, at the 
National Radio ,\slronomy Observatory (NR AO), 
w hich w.is involved only in the fourth experiment, only 
one tape recorder was available, and observations were, 
therefore, made only during every other four-min cycle, 
for an overall S-min cycle time (see Table 1 ). 

IV. DATA RtDt.CTION 

Here we outline briclly the major steps involved in the 
estimation of the relative position of the two sources from 
the tape recordings of their signals. 

a ) Cross Correlation 

The fringe phases and rates for each source from 
each tape p;iir. e.xcept for those from the first experiment, 
were estimated with the aid of the “Mark I” digital 
correlator at the Haystack Observatory and the data- 
reduction programs described by Whitney et al. (1976). 
The data from the first experiment, obtained prior to the 
completion of the Haystack correlator, were processed 
on a general-purpose digital computer al the Goddard 
Space Flight Center, using the programs described by 
Hintercggcr (1972) and Whitney (1974). In each case, 
the processing actually yielded the difference between 
the fringe phase (and fringe rate) and a model of that 
fringe phase (and fringe rate) based on the best available 
prior information and on preliminary estimates for the 
differences in the epoch settings and rates of the clocks 
used at the different sites. Thus, the fringe phases and 
rates obtained directly from the cross correlation were 
in the form of residuals. 

h ) Phase Connection 

Before the fringe phases estimated from individual 
observations (tape pairs) were used to obtain accurate 
estim.itcs of source positions, the number of 2<r changes 


of phase between successive observations of the same 
source were determined to "connect” the observations. 
Proper phase connection can be accomplished provided 
the time interval between successive observations is 
sufficiently short and the estimate of fringe rale suffi- 
ciently accurate. 

The method we used to connect the fringe phases can 
be outlined as follows (see Wittcls (1975) for a detailed 
description): .\ polynomial in lime, up to degree five, was 
matched by weighted least squares to the ensemble of 
residual fringe rates for a given baseline, source, and 
experiment. The time integral of each of these “best- 
filling'’ polynomials was then subtracted from the cor- 
responding residual fringe phases, where the latter were 
evaluated from each second of data The resultant re- 
sidual fringe phases varied slowly enough with time so 
that those from one tape pair could be connected with 
those from the preceding or following tape pair with only 
a small probability that a spurious number of 2 ir's was 
introduced. The phase connection was actually carried 
out by means of a simple computer algorithm and was 
confirmed by visual inspection; the connection was 
checked again in the final processing of the data. 

c) Difference Obsen ables 

After proper phase connection, the fringe phases for 
each source were transformed into equivalent phase 
delays. Difference observables were then formed by 
subtraction of the phase delay from an observation of one 
source from the delay from the following observation of 
the second source. Each difference observable had two 
time arguments since the observations of the two sources 
were made at different times. Except for “edge effects.” 
each observation appeared in one. and only one. differ- 
ence observable. This differencing technique protiuced 
ob.servables largely freed from the main sources of 
error. 

In addition to the phase delay, there is another ob- 
servable. the group delay (sec. for example, Whitney et 
al. 1976). that was obtained in the May 1972 and May 
1974 experiments. The uncertainties in the group-delay 
measurements arc abivul eightyfold larger than those in 
the phase delays, due mainly to the relatively small. ^25 
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Mil/, spanned bandwidth (Whitney el at. 1976). De- 
spite this lower accuracy, tile group delays have the 
virtue of providing the but available check on our esti- 
mates of relative source position (Clark er al. 1976). 
These measurements were also dirferenced, like the 
phase delays, to reduce the efrccts of errors. 

li) Least -Squares Analysis 

The phase delays and group delays for each experi- 
ment were analyzed separately with a wcighted-least- 
S4)uares algorithm to obtain the dilTcrenccs, Arr and Ah, 
in the positions of the two sources. (The fringe rates were 
used only for phase connection.) For these analyses, the 
total, not the residual, obsers'ablcs were used. Further, 
for the analyses of the phase delays, both the difference 
observables and the phase-delay observables themselves 
for one source were used. The latter were included be- 
cause of their greater sensitivity to the “long-term” 
relative behavior of the clocks at the various sites. In fact, 
the sole practical effect of the use of these (undiffer- 
eneed) observables was to improve the determination of 
the inlluence of the cluck behavior on the difference 
observables. In principle, the sum ob.servables exmld have 
served this purpose better; however, a program limitation 
prevented their use. Tests showed that this limitation had 
no significant effect on our results. 

The parametrized theoretical model, which was 
matched to these observables, included the effects of the 
atmosphere and of all known, non-negligible contribu- 
tions to the motions of the antenna sites (Robertson 
1975). Aside from Aa and Ah, the parameters cstimatc*d 
in the analysis o.l* the data from the two-site experiments 
were six in number; the five coefficients of a fourth- 
degree polynomial used to represent the relative behavior 


of the clocks at the two sites, and the single parameter 
needed to represent the 2ir/tu~' ambiguity in the offset 
of the phase delays for one source from those for the 
other. This last parameter was estimated only in the 
analysis of the phase delays us the group delays arc un- 
ambiguous; if the standard error in the estimate of this 
parameter is small compared to 2>rw~', and if the esti- 
mate itself is near 2ir/i(i)~' for some value of n, then one 
can select the proper value of n with confidence. In such 
eases, the analysis is repeated, with n fixed al the selected 
value. For each of our experiments, the value of n was. 
in fact, determined reliably. 

For the three-site, May 1974 experiment, additional 
“clock” and ambiguity parameters were also estimated. 
The values of the most important parameters that were 
not estimated in any of the analyses arc given in Table 
II. 

V. RFr.ULTS 

In this section we (i) present the estimates of the rel- 
ative position of 3C 345 and NRAO 512; (ii) examine 
the sensitivity of these estimates to changes in the pa- 
rameters of the theoretical model; (iii) discuss the postfit 
residuals; (iv) describe and interpret the error ellipses 
for the estimates of relative position from the individual 
experiments; and (v) discuss the bound on relative proper 
motion obtained from the ensemble of experiments. 

a) Relative Source Position 

The relative position of 3C 345 and NRAO 512 ob- 
tained from each of the four experiments is shown in 
Table III. The values of Aa and Ah obtained from the 
two types of observables arc in good agreement, as ex- 
pected. 


Sourer coorilmalfs ( / 9i0.0 ) ' 
JC 34.S: 


TARlf: It. Fixed parameten.. 


a - I6‘4l"ir634759 


Slalinn riHirdinaies {earth cemtrtd) 



Cvtindricat radius 

tPesl tontciiudr 

HT 

4700 64332 km 

71:4885503 

G 

5204.14078 

Il6 8885r>37 

N. 

5003.16905 

79.8359600 


Frrres Mon < tuitlanl 
P “ 502ft.’75/ccntur) 

UTI und /tidar motion 

Smoiahcd values published in Circular t) by the Bureau Inicrnalion.'il de I'lleure 
Earth tides 

K.idiul l ine number, /i ■ U 5S4 
lliiri/iintal I ovc niimhcr. / • 0(14$. 

Tidal la^anulc. M ' I deg. 

Elei triral path Irnuth of atmosphere ( zrnith directions ) 

H X .O ns 

C.: 6.7 

N: 7 4 


' Lllipiic abcrialiim renuivcd. 

- See T'lble I for ddiiiilKins ol abbrcvi.iliuns 


i - 39*54'10.’9583K 


Polar component 
4296.ti96l6kni 
3676 X6770 
3943 94526 
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Tabik III. Httinuiciior relalive putition: 3C 34$ Minus NKAO $12 

Rootniciin-ufuiire of piHlfil 
rcsidu.iU (ph.iM! delay only) 

A«' - 2"':9*4J(.680 S6' - |■40.■726 30 Difference Single source 

bspcriiiicni Group delay' PhaMT delay' Group delay^ Phase dclay^ observables observables 

number (XIO's) fXIO's) (XIO*arcsccl (XlO'arcsec) (psi (ps) 


1 


0.$ ± 0.4 


0$ * 1.1 

12 

1$ 


-40 i SO 

-0.4 ± 0.8 

$0*40 

-0.7 * 0 9 

19 

36 

3 


4 2.8*0.4 


-1 4* L9 

13 

18 

4 

t$01 430 

-4.S *0$ 

180 * 260 

1.2* 1$ 

14 

18 


' All and An represeni (he right ascension and declination, respectively, of the position of 3C 34$ minus that of NKAO $12. The reference 
position IS the ueighicd mean from all four experimenis (see tcxtl. 

^ The unccri.iiniy shown is the formal standard error, determined by sealing the iiic.ssurcmeni standard deviations uniformly such that the 
riHii-sseiehtcd-incan-suiiare of the postfit residuals is unity. For the analyses of the phase delays, the standard deviations for the difference 
observables and the singir-souiee observables (see text) were scaled separately so that, for each type, the root-weighted-mean-squarc of the 
posilii residuals is unity 


The rcxyl-wcighlcd-mcan-squarc scatlcrs about the 
weighted mean I'ur the estimates of right ascension and 
declination from the analysis of the phase-dclu> data for 
each experiment are O'OOO 03 and O.'OOO I. respec- 
tively. 

The .scatter for the right ascension difference is coii- 
siderably larger than would be anticipated based on the 
formal standard errors (sec Table III). This anomaly 
may be due at least in part to an inadequate model for 
the brightness distribution of 3C 34.S which is elongated 
mostly in the right ascension direction with an extent of 
the order of O'OOO 1 ( Wiitcis e/ n/. 1976a). By contrast, 
the scatter in the estimates of declination is slightly under 
the value expected from the formal standard errors. 
Moreover, expected errors, for example, in the values 
used for UTI (sec below), wquid have produced a sev- 
cralfold larger scatter. We thus conclude that the small 
scatter in the estimates of declination is fortuitous and 
that O.'OOO 3 is an appropriate estimate of the unccrUiinty 
in our determination of AA. Our results for Aa and A6 
in I9.S0.0 coordinates can therefore be summarized 
as' 

Aa{3C.345 ~NKAO.M2) 

= 2"' 29:436 68 ± 0:000 03. 

Ao(3C 345 - NRA0 5I2) 

= r 40.'726 3 ± O.'OOO 3. (3) 

where the values quoted represent the weighted means 
from the analysis of the phase-delay data for each ex- 
periment. and where the uncertainties quoted represent 
our estimates of 70 percent confidence limits that include 
consideration of the possibly dominant effects of sys- 
lemalic errors. 

We also combined the estimates of A<r and An. and 
their correlations, from all experiments and solved for 
the relative position of the two sources under the us- 
siiiiiption of zero relative proper motion. The results do 
not differ significantly from the values given in liq (3) 
The right asct'nsion is virtually identical and the decli- 
nation IS about o'OOO 2 higher due to the effect of the 
correlations 


Finally, we reanalyzed the phase-delay data after 
interpolating the phase delays for 3C 34S to the epochs 
of the \RA0 512 observations and vice versa: in both 
cases, the 'csult for the weighted means of the estimates 
of An and An were consistent with the values given in 
Eq. (3). 

b) Scnsitifily Study 

How sensitive arc our estimates of Art and A5 to the 
fixed parameters (Table II) used in the analysis? To 
provide an answer, we carried out an extensive series of 
tests (sec also .Appendices A and B) to determine this 
sensitivity for the coordinates of the reference source, the 
baseline vector, the precession constant, and the pole 
position and orientation (LIT I ) of the earth, and for the 
models used for earth tides, the atmosphere, and source 
structure ( Wittels 1975). For almost all of the parame- 
ters. plausible changes in value did not affect the esti- 
mates of Acr and AA significantly; such changes were 
smaller than the formal standard errors. However, 
changes in UTI by 2 ms did produce changes of up to 
O.'OOO 7 in the estimates of A2. but insignificant changes 
in the estimates of Aiv. as expected (see Appendix A). 
Further details arc given by Wittels (1975). 

We also estimated the precession constant from the 
difference VLBI observables. The estimate wc obtained 
agreed with the aecepted value to (just) within the 
2'’/century uncertainty of our estimate, thus confirming 
the insensitivity of our results for source position to a 
plausible error in the value used for this constant. 

f ) Postjif Residuals 

The postfit residuals obtained from the analyses of the 
phase delay data arc illustrated in Fig. I (a) for the Oc- 
tober 1971 experiment Figure 1(b) displays the corre- 
sponding residuals from a solution based on these data, 
but for which a 2? error in phase connection was delib- 
erately introduced at the boundary of the ‘^40-min gap 
in the data: the resultant systematic tremis give dramatic 
evidence of the error. The difference in the two stilutions 
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is ulso drumatic quuntilntivcly: The root-mcan-squarc 
(rms) of ihc residuals is 45% higher for ihc second 
than fur the Hrst solution. 

The rms of the postfit residuals for the difference 
observables and for the single-source observables for 
each experiment are given in Table III. For three of the 
experiments, the latter are about one third higher than 
the former with the individual rms values being nearly 
independent of experiment. However, the rms values for 
the second experiment deviate noticeably from this 
pattern. This deviation is attributable to the very heavy 
rainfall at Haystack during this experiment. The rms of 
the difference observables was also relatively smaller 
than that for the single-source observables, indicating 
that the former were more immune to the ('‘long-term”) 
trends in the weather pattern. The rms of the residuals 
is in each case scvcralfold larger than expected purely 
from signal-to-nuise ratio considerations. The causes of 
these increases arc not understood in detail; however, 
with the exception of the second experiment, we suspect 
that the receiver systems, especially the frequency 
standards, were more important contributors than were 
the iinc;incellcd portions of the propagation medium. For 
Ittiie scales of ilic order of a kw hours, the standards 
seemed to have been stable to about one part in 10' \ 
(Tills conclusion is very similar to that reached by Moran 
r/ III ( 1973) from VI. Ul experiments involving a set of 
h^drogen-muser frequency standards partly overlapping 
with uurs.j 

In regard to the propagation mediu •. we note that, 
for the fourth experiment only, for each pair of obser- 
vations. 3C 345and NR AO 51 2 were each observed at 
the same elevation angle at a given site. There was no 
noticeable effect of this equality on the postfit residuals; 
temporal variations in the atmosphere or other sources 
of variation were presum.ibly mure important contrib- 
utors to the postfit residuals than were any inadequacies 


of our (static) imvlel for the electrical path length of the 
atmosphere us a function of elevation angle. 

d) Error Eltipsn 

The characteristics of the error ellipses for the esti- 
mates of Au cos b and Ab from the individual experi- 
ments are given in Table IV. These ellipses are contours 
of constant probability density, centered on the estimates 
of Aa cos 0 and Ab. bach principal semiaxis of each el- 
lipse denotes one (formal) standard deviation for the 
estimate of that linear combination of A» cos 5 and An 
that corresponds to the direction of the semiaxis. The 
directions of these axes depend importantly on the dec- 
lination of the sources and on the part of the u-r plane 
covered by the observations in a particular experiment 
(sec Winds cf al. 1976b). Fur a related reason, the ratio 
of the major to the minor axis is higher the shorter the 
experiment. 

if there were no systematic errors affecting our csti- 


Tabi I IV. i’rriK rllip>ei' 



Semi- 

Semi- 

Poellion 


mji)<9r 

mrtiK 

an^lc 




of mapK 

rspcriinent 

(Xl0‘ 

(XIO* 

«|AI« 

number 

a reseel 

are tee 1 

(di'f 1 

1 

1 1 

0.1 

-10 

* 

1 2 

0.} 

41 

J 

19 

04 


4 

Id 

0} 

19 


' t’.rrur cllinw« arc cuniuurt uT OMiMjnl praUilsIiiy dcntiiv m ihc 
An uM - A4 pUnc. lu«ol un itic tqxirjlc 3iuK«c« uf the pB.i>c-Uctj> 
djU (ice Table III I If ihcrc »crr no «Mrcv> i>C ivitcnuiic error un- 
accuunicd lor. ihc Iruc values nl An cun 4 and A4 would lie in-ulc ihc 
error cilipic ccnicrcd un ihc olimalcd values with probibilili 0 4 
(Shapiru I9XKI Ihc marked lack of uvcrUpul the error cllip-ci in Ihe 
AncosAenmimatcisan indKainmuf llie imfsinanse id ihcssUcmalH 
errors 
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mates, we could conclude that the true valuer of ciko 
and Sh lay inside such an error ellipse with probability 
0.4 (see, for example, Shapiro 1958) The fact that some 
of the errttr ellipses fail to overlap by a substantial in:irgin 
in the An cusA coordinate, is an indication of the im- 
portance of systematic errors in our experiment. 

e) Relative Proper Motion 

We also combined the estimates of An, An. and their 
correlation from each of the four experiments to deter- 
mine the relative proper motion of the two sources. In 
particular, we estimated four parameters; the values of 
An and A6, referred to I97.V0, and the direction and 
magnitude of the relative proper motion. The proper 
motion of 3C 345 minusthatofNRAO 512 was found 
to be 0, 000 25 i 0."000 20 y"' along a position angle of 
220* ± 60*. The uncertainties represent formal standard 
errors obtained by scaling uniformly the errors accom- 
panying the cstim.ites of An and AA from the individual 
solutions such th.at a value of unity was obtained for the 
r>^'.t-wcighled-mcan-squarc of the postl'it residuals, 
adjusted for the number of degrees of freedom This 
result for • :latise proper motion does not differ from zero 
significantly, especially when one considers the distri- 
bution of the individual results. More formullv, we may 
conclude, with about 70% confidence, that any relative 
proper motion of the centers of brightness is no more 
than O.OOC 5 y~'. (Of course, the circular boundary 
enclosing this limit in the proper-motion plane is not 
strictly a contour of constant probability density because 
our formal estimate of relative proper motion is not 
zero ) 

VI DISCUSSION 

Finally, we discuss the bounds that can be placed on 
the distances to 3C 345 and NRAO 512, the prospects 
for improvement in the determination of relative position 
and proper motion of these sources, and some other 
possible applications of the basic technique. 

a ) lioumi on Distance 

From an upper bound on relative proper motion, we 
can deduce nothing useful about the distances of two 
sources from the earth without making some additional 
assumptions (see Appendix C ) If we assume that the 
iraiisiersc vchK'iiy of each uuirce is at least KKI km/s. 
and that the directions of these two velocities form an 
angle greater than 60*, v.e may then CiHtclude that each 
source Is at a distance greater than —40 kpc Irsim the 
earth 1 lly contrast, the lower bound on distance that can 
be inferred from parallax considerations is abtrut 5 kpc. 
if the two sources arc assumed to be at sufficiently dif- 
ferent distances from the earth.) Considering the di- 
rections to 3C .345 and VRAO 512 (/»" 41*; /" e. 

65*1. we can further conclude that both sources are 


outside the Galaxy. This result is hardly a surprise. The 
assumed transverse velocities would have to be very su- 
pcrluminal indeed to obtain lower bounds that ap- 
proached the accepted proper-motion distances of several 
gigaparsecs for these sources. 

b) Prospects for Improvement 

What are the prospects for the utilization of astro- 
metric VLRI measurements to decrease both the un- 
certainty in relative position and the upper bound on the 
relative proper motion of these objects? Several avenues 
are open. First, the facts that the smaller of the semi- 
minor axes of the error ellipses were smaller than 0.‘(XK) 
I and (hat those from several of the different experimenu 
were appreciably inclined to one another, imply that 
observations over the entire period of mutual visibility 
of tlic participating antennas should lead to a standard 
deviation smailcr than 0.(XX) I in both Au cosoand An. 
A covariance analysis for a simulated schedule of Hay- 
stack Goldstonc observations, with a cycle time of 5 min, 
an elevation angle cutoff of 1 5 deg at both sites, and a 
measurement error of 10 ps for each phase-delay dif- 
ference, yielded results in agreement with this implica- 
tion; we obtained n(A<v cos5) ~ <t(A 6) -« 5 X 10”' 
arcscc, with a corrcbiion between the two estimates of 
approximately 0.4. 

Second, repetitions of the measurements would, of 
course, lead to a decrease in (he uncertainty in the de- 
termination of both the relative position and (he upper 
bound on proper motion, given (hat systematic errors do 
not dominate. 

Third, if instrumental deficiencies were the major 
contributors to the postfit residuals, then use of more 
stable frequency standards, calibration of the instru- 
mentation to the picosecond level or below, and increases 
in the signal-lo-noise ratios through use of a wider-band 
recording system, will insure that the accuracy of the 
results will be limited only by the propagation medium. 
Frequency standards w ith a stability of about five parts 
in I O' ’over periods from 200 s to I day arc now available 
(Vessot 1976; see. also. Rogers el al 1976) and would 
contribute only about a picosecond error to (he phase- 
delay difference from neighboring observations of two 
sources, rquipment to calibrate receiver systems to the 
picosecond level, not available in 1971 74. is now 
available (Rivers 1975). I'urthcr.a 56- MH /-bandwidth 
VI. 131 recording anil pnxevsmg system is in an .idvanccd 
stage of development and will liavc sufficient sensitivity 
to reduce the noise contribution to each phase mea- 
surement with the (ioldstone Haystack interferometer 
to the picosecond level, even if the correlated flux density 
for NRAO 5 1 2 drops to the 0 I Jy level. The correlated 
(lux density obtained from otzscrvationsof (his source has 
in fact declined steadily at an average rate of about U.l 
Jy/year from a level of about 1.5 Jy in 1971. 

The limit on accuraey that will be set by the propa- 
gation nic'dium after the impIcmcniatuNi of these system 
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improvements is difricull to cMiniytc reliably, but may 
be at the 2 p|( level or below for high elevation angles in 
guixl weather for the small, half-degree separation be- 
tween 3t 345 and NR AO 512. 

To utilize such aecuracy erfectively, it will be neces- 
sary to improve appropriately the determination of the 
rotation of the earth and of the brightness distribution 
of 3C 345. The rotation of the earth can be obtained with 
the nceiled accuracy from contemporaneous VI Ul ob- 
servatioas of a suite of sources suitably distributed across 
the sky. The brightness distribution can be obtained re- 
liably if the observations are made with a well -distributed 
array of antennas. With such a configuration, the ob- 
servations of NRAO 512, which is, in cfrect. a point 
source, can also be used to good advantage as a phase 
reference for the observations of 3C 345 to enable both 
fringe amplitude .and fringe phase to be used for the 
determination of the brightness distribution of the latter. 

( \\ ith observations from only two antennas, the phase- 
reference technique cannot be used very effectively for 
the mapping of a source.) 

The resulting determinations of relative position w ill 
prob.ibly enable one to determine, for example, which 
parts of the brightness distribution arc moving w ith re- 
spect to NRAO 5 1 2 and which, if any. are not Certainly 
tliese distinctions should be psMsibIc to draw after a 
decade of data gathering, with each session extended 
over the full pcrioil of mutual visibility, provided only 
that the different parts of the brightness distribution cun 
be followed unambiguously for such a period of time. 
Detection of such motion could be of fundamental im- 
portance ill distinguishing between various theoretical 
models of superluminal motion. 

f ) Other Applications 

We may also apply this VI.BI technique to other 
source pairs such as 3C 2731) and 3C 279. 3C D4 and 
Kela I’ersci (Algol), and VRO 42.22.01 (HI. l.accrtae) 
and 3C 418. Provided that source-structure changes in 
3C K4 do not create too severe a problem and that suf- 
Heient sensitivity exists to obtain accurate fringe phases 
from observations of Algol, significant information 
should be obtainable on some of the orbital elements of 
the components of the Algol system in addition to an 
accurate measurement of the system's pro|s;r motion. 

Similar observations of suitable pulsar-quasar pairs 
could yield very accurate proper-motion values and 
distances (parallaxes) for the pulsars, and. piwsibly. 
disclose whether or not they belong to multiple star 
systems. Pulsars could, in turn, be used as phase refer- 
ciices for the improved determination of the brightness 
distiibiitions of compact cxtragalactic radio sources that 
apf>c.ir nearby in the sky. 

I inallv. we note that accurate determinations of the 
rclaiivc (losiiions and proper motions ul cxmipact sources 
arc of major importance as well for their iiss* in the 
miiniioiing of the crustal motions ol the earth. 
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APPI.\DIX A. StNSITtvnV ANAI.YSI.S 

Here we present a simplified analysis that illustrates 
the sensitivity of the estimates of Au and AJi to errors m 
the values u>cd to represent the pole direction and or- 
ientation (LTI ) of the earth, the baseline vector, and the 
coordinates of the reference source (see Sec. It and Tabic 
II). We assume, unrealistically, that the estimates of Aiv 
and A5 arc based on the sinusoidal terms in F.q. (2) and 
on mciisurcmcnts of A^. all equally accurate and closely 
and uniformly spaced throughout a diurnal period. 
Under these conditions, for example, the estimates of the 
coefficients of sin (.4u + itf — a) and cos (.-lu + Hr — «) 
in Lq. (2) will be uncorrclatcd 

Let (/I'l, and t/I'x denote, r'Si ectivcly, the errors in 
our knowledge of the components of the direction of the 
pole of the earth parallel and perpendicular to the 
c(|uatorMl projection of the baseline. In addition, let dUT 
denote the error in uur knowledge of the orientation of 
the earth about its axis of rotation. We then find 

d/4 ■ dUT — dP tan D, ( A 1 ) 

and 

dD-dPi, (A2) 

w here t/A and tl/J arc the corresponding induced errors 
in the right a->ccn>ion and iIcclinatitMi. respectively, of 
the baseline. ( I he signs, or directions, of the errors </P|. 
dP 1 ^. and dUT arc. in effect. defined by bqs (Al) and 
(A2).| from F.q. (2). we cun infer that the consequent 
changes in the estimates of Art and Au will be. ap- 
proximately: 

dAii e*" tAii tan/J)d/) — (Antaiiu + V?A«-)d.-(.(/\3) 


ai*/kc 
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and 

JA() » (Ao lan D)JD + (A5 col6)c/.4, (A4) 

with (iA and JO given, in this ease, by Eqs. (Al) and 
, (A2). 

/ For an east-west baseline (£) = 0), the estimates of 
/ /j^ A<r and AS have no se isui' ity to either dV ^ or for 
a btiseline normal to the equatorial plane, the sensitivity 
btx-oines inilniic. Since Ao - 0< Ao-), there is vir* ■illy 
no effect of dV j on the estimate of A6, except when D 
=a it/ 2. These equations also show, for an arbitrary 
source, that the estimate of A<r is insensitive to JUT and 
to JI\. except torn == -/2 1 •‘sensitivity of Ao,on the 

other hand, to JUT and to vanishes for o 7r/2 
and is greatest for o rs 0. 

Changes in 12, as opposed to tnosc in Ao, or UTl, as 
deFincd here, have only a slightly different effect; we 
ignore this difference in this semi-quantitativc anal- 
y.os. 

An error. dB. in 'he baseline length introduces the 
following errors in the determination of the separation 
of the two sources; 

JAtv = -Artf JB/fi). (A5) 

and 

JAo - ( Ao + ‘/ 2 ( A«)2 cot 6] ( JB/B). (A6) 

Errors Jit and J5 in the coordinates of the reference 
source introduce errors in Aa and Ao given approxi- 
mately by; 

JAir (All tan o) Jo — (Ao tan 5 -F '/I'Atv^) J«, 

(A7) 

and 

JA6 (— AocotS + '/ 2 ^n-)db + (A« -E cotS)J«. 

(A8) 

These latter results show that, except in the obvious 
pathological cases. Ao is most strongly affected by an 
error in o and A5 by an error in «. 

Required mixlincations of these formulas for the case 
Air = O(Ao-) can be obtained by straightforward 
computation. 

Al’l'KNOIX B: REDUCTION TO CENTER Of 
BRIGHTNESS 

We treat here the determination of the corrections to 
the phase- and group-delay measurements needed to 
refer them to the center of brightness of the source. 

At present, due to incomplete sampling, it is not pos- 
sible to determine the brightness distribution of radio 
sources uniquely from Vl.BI data; however, relatively 
simple, time-dependent niixicls with two components 
have been developed which represent the data for NRAO 
.M2 (Wittelsi-t al. 1975) and for 3C 345 (Wittels 1975. 
Cohen ct al. 1976. W ittels el al 1976a. Rcadhead et ul 
1978) quite well. 


Wc illustrate the removal of the effects of the 
brightness distribution for a model with two point com- 
ponents. Defining the center of brightness as the origin, 
so that riB| = r^Bj, where /■( and B/ are the distance 
from the origin and the flux density, respectively, of 
Component /. we obtain the following expression for the 
fringe phase relative to that for the center of bright- 
ness; 


(u.o) = (u.c) — {u.v) 

( -B| sin^i + B; sinqi ' 

B| cos^i + Bi cosiyi j 

where 


(Bl) 


s 2iiri ill sinB + ccosB), / = 1.2, (B2) 

and w here would be the observed fringe phase, in the 
absence of error, were the source to consist of tw o point 
components; i/)'-'* is the corresponding fringe phase for the 
center of brightness; P is the position angle of the line 
connecting the two components; and u and c represent 
the resolution of the interferome'er in the directions of 
increasing right ascension and declination, respectively. 
(Units may be chosen such that r, and P are expressed 
in radians with u and c expressed in radlu n- j/ radian.) 

If the two components arc of nearly equal flux density 
(Bj ^ B|). we find 


~ ii{ianq - q)- ^q (tani/ - qj2), (B3) 

with 

q = q\-^qi. (B4) 

For 3C 345, this model with two point components yields 
/S 0.1; hence Eq. (B3) is a useful approximation. 


w 

I 




ElCi. 2. Interred comribulion of ihc brighliiess slruclurc of 3C 34S 
to the phase delat measurements for the Hay&tack-Goldslonc baseline. 
Calculjtions were h,ised on a niutlel with two |wini componenis for the 
bri(ililncss of the source for the lirsi three experimenu. and on a model 
with two cllipiical Gaussian components for the last experimeni tsec 
Wiucis l')75l. For e.ich experiment, the contribution to the phase del.i> 
is shown only for the period eneomp.assing the ubservalioRa. .Note that 
a 411 ehance corrcsp>inds to a change in posilion of a p><ini source 
of about O.UUUt) lor the llayslaek Gnldslone baseline. 
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Fui. Thc:!l!ottcvi disonccs for 3C J45 and NRAO 512 asa function 
Ilf the p.ir.t meters t ''Vt V’ and A<i,/i V ’ (see text). A value of 5 Mpe"' 
fur Au./rj'eorropondx. for example, to values of Ai;, and vV'of 10"'* 
.iroee > and IlKi ktn/s. respecliveU. For A;t, <0, the seurees appear 
to api'rotieh each other and the iilhmcd distances can be obtained by 
chaneine )he sien ui Aai„t W and interchuniiing the labels on the axes 
isee )•>(. i(.'2)| 

When </ is small, as is sometimes the ca.se, sxc .sec that 
^rel^!^. ^«l..3«l. (B5) 

and. therclorc. that the correction phase 0'"^' tends to 
vanish as the combined fourth power of 0 and q under 
such condilioi s. [iquaiion (B5), of course, represents a 
consistent approximation only if ti and q arc of the same 
order. 

The correction phases for each experiment, obtained 
from the models of 3C 345 ( Wiitcis 1975), are shown in 
Fig. 2. 

Expressions for can be obtained as well for other 
reference points within the source or from other models 
for the brightness distribution. 

The expression for the group delay, relative to 
that for the center of brightness, is given b>; 

T'"' (».£■)= ^ 
aw 

jin - !i-)q{2 - cos r/) 

4u;(( I + cosi/) + d’( I — cost/}] 

^^[2^ coy] ,,,, 

•»«'4u;\l +cx)st/| 

where u> is the center of the (angular) radio frequency 
band over w hic'i ihe observations arc made, and where 
we assume that this band issntall relative to the eenicr 
frctiucnc) . for a radio frequency ofX G 1 1/, we sec that 
r^’’' will always be under about U.25 ns for </ S - and /i 
•S' 0.1 since, under these conditions, r^' < 3</(l — 
.i)^'iS.ju-. , 


APPENDIX C: REI.ATION BETWEEN PROPER 
MOTION AND DISTANCE 

The general interpretation of a relative proper motion 
of two sources in terms of bounds on their distances in- 
volves cosmology. For the standard cosmology (see, for 
example. Weinberg 1972), it is easy to show that a source 
at proper-motion distance L^, and with peculiar velocity 
V, will have components of apparent proper motion given 
by 

_ _ j) sinff 

“ dt 1 1 - 0{LplLJ cosfl] 

sin(P4-(i- l)/x/2j. (Cl) 

where the .v, arc angular distances along orthogonal 
directions on the plane of the sky measured from the 
position of the source; t is coordinate time; 0 is the angle 
between v and the line from the source to the observer; 
t’ is the magnitude of v; P is the position angle of » mea- 
sured from the direction of increasing ,Y| towards the 
direction of increasing xv. fi is r/c; and {Lp/L^) is the 
ratio of the parallax to the proper-motion distance 
(Weinberg 1972) and is always greater than unity for 
closed universes and less than unity for open uni- 
verses. 

The maximum with respect to 0 of the factor sin0/( 1 
-p(I.p/l.^) COS0] is (1 - ii^Lp-fL^')\-'r- and is at- 
tained for COS0 = ii{Lp/Lp). Thus, for example, for a 
closed universe, even the detection of proper motion, 
along with the cstabli.shincnt (somehow!) that the center 
of brightne.ss coincides with the center of mass, would 
not allow us to conclude unequivocally that a radio 
■sxiurcc is not at a “cosmological" distance, unless we have 
independent knowledge (somehow!) of its peculiar ve- 
locity. Because wc arc concerned here with relative 
proper motion only, a similar .statement applies to the 
case of an open universe: regardless of the values of the 
peculiar velocities, any components of relative proper 
motion can be matched by a c'ontinuum of piiirs of values 
of l.p. 

For two sources near the Galaxy, for example, a 
component. A/i,. of their relative proper motion can be 
written in terms of their distances as 

di Li L\ 

where i* and r]'*. k.i = 1.2. represent, respectively, the 
“ordinary " distance to source k and the ith component 
of its transverse velocity. Figure 3 depicts the allowed 
distances for the two sources as functions of the twii 
parameters (i ]'’/* V') and Ani/vVK It is also clear from 
this llgurc and Fq. (C2) that for any values of rV’ and 
t'l" one can always find arbitrarily small values of L \ and 
Lz which arc consistent with an apparent proper nuHion 
smaller than any given up|)cr bound. Nonetheless, it 
would prx)bably be reasonable to assume that L/, will be 
comparable to. or exceed given an upper 

bound 1 A/u,| on a component of apparent proper motion. 


L 
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ABSTRACT 

Radio interferometric observations of extragalactic radio sources have 
been made with antennas at the Haystack Observatory in Massachusetts and 
the Owens Valley Radio Observatory in California during fourteen sepa- 
rate experiments distributed between September 1976 and May 1978. The 
, components of the baseline vector and the coordinates of the sources 
^ were estimated from the data from each experiment separately. The root- 
weighted-mean-square scatter about the weighted mean ("repeatability") 
of the estimates of the length of the 3900 km baseline was approximately 
I’ 7 cm, and of the source coordinates, approximately OV015 or less, except 
for the declinations of low-declination sources. With the source coor- 
dinates all held fixed at the best available, a posteriori , values, and 
the analyses repeated for each experiment, the repeatability obtained* 
for the estimate of baseline length was 4 cm. From analyses of the data 
from several experiments simultaneously, estimates were obtained of 
changes in the x component of pole position and in the Earth's rotation 
(UTl). Comparison with the corresponding results obtained by the Bureau 
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International de I'Heure (BIH) discloses systematic differences. In 
particular, the trends in the radio interferometric determinations of 
the changes in pole position agree more closely with those from the 
International Polar Motion Service (IPMS) and from the Doppler observa- 
tions of satellites than with those from the BIH. 


For the past several years, our group has been involved in a major 
effort to improve the quality of data obtained by very-long-basellne 
interferometry (VLBI) through development of a third generation system 
referred to as the Mark III system. Portions of this system are pres- 
ently in operation, and we expect the system to be in full operation by 
the end of 1979. The major improvements in the hardware and software 
already implemented can be cataloged as follows: 

First: the use of wide-band parametric amplifiers which allow band- 

widths of about 300 KHz to be synthesized, a tenfold increase over the 
previous limit. The significance of this increase in bandwidth lies in 
the fact that the uncertainty in the measurement of interferometric 
group delay is inversely proportional to the total bandwidth. 

Second: the use of surface meteorological measurements with algorithms 

Supplied by J. Marini of NASA’s Goddard Space Flight Center. This coni- 
blnatlon has resulted in a significant decrease in the level of syste- 
matic errors caused by atmospheric effects. 

Third: the use of equipment to calibrate instrumental effects, in par- 
ticular the effect of the contribution to the measured delay of Che path 
from the antenna feed horn to the recording apparatus. The uncertainty 
in such Instrumental effects has thereby been reduced to the level of a 
few pico-seconds. 

Fourth: the inclusion of several geophysical effects, resulting from 

the nonrigidity of the Earth, in the analysis programs (Woolard, 1959; 
Melchior, 1971; Gulnot, 1970, 1974). These effects have an amplitude of 
a few hundredths of an arc second or less. Also we employed the value 
of the precession constant from Che paper by Lieske al . (1977). 

Fifth: Che use of rewritten analysis programs. The inter-comparison of 

Che new programs with the old indicates chat there are no coding errors 
in the parts chat were in common with effects on the interpretation of 
Che observations larger than 1 mm. (This test does .lot address possible 
errors in Che physical models on which both programs were based or in 
Che additions noted above. For example, the precession-nutation algo- 
rithms employed are unlikely Co be accurate at the millimeter level.) 

Utilizing the above mentioned improvements in hardware, we undertook a 
se’^'es of VLBI experiments, starting in September 1976. These experi- 
mei utilized the 37-meter-dlameCer antenna at Che Haystack Observatory 
in ^lassachusects, and the 40-mecer-diameter antenna at the Owens Valley 
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Radio Observatory in California, to observe extragalactlc radio sources. 
We have used the data from these experiments to estimate the components 
of the baseline vector, the coordinates of the radio sources, and the 
changes in the x component of the position of the Earth's pole and in 
the Earth's rotation (UTl). (This particular baseline is not sensitive 
to changes In the y component of the position of the pole because any 
change in that component causes a nearly parallel displacement of the 
baseline vector and, therefore, has little effect on observations of 
'^'very distant sources. In any event, a single baseline can yield infor- 
mation on only two of the three angles required to specify the orienta- 
, tlon of the Earth in inertial space.) 

r 

We discuss here the observations made with this interferometer in four- 
teen experiments, the last of these being in May 1978. Each experiment 
spanned from 15 to 48 hours in which from 120 to 240 separate, three- 
minute, observations were made. The data from each session were first 
analyzed separately, and the following parameters were estimated: the 

vector components of the baseline, the epoch and rate offsets of the 
clock at Owens Valley relative to those offsets of the clock at Haystack, 
the zenith electrical path length of Che atmosphere at each site, and 
Che ri^hc ascension and declination of each source, vlch one right 
ascension held fixed to define the origin of right ascension. To test 
Che consistency of Che results, the repeatability of the estimates of 
baseline length was examined. Baseline lengths were selected for 
examination because Che values of Che direction. components of Che base- 
line vector are affected by errors in the values used for Che pole 
position and for UTl; similarly, the estimated values for the source 
coordinates are affected by errors in Che formulas used for precession 
and nutation, although the arc lengths between sources are free from 
such errors. 


The estimate of Che baseline length from each experiment is shown in 
Figure 1. The error bars represent formal standard errors based on 
measurement errors modified so Chat the root-weighted-mean-square 
scatter about the weighted mean (hereinafter "RMS scatter" or "repeat- 
ability") of the poscfic residuals is unity. The RMS scatter of these 
baseline length values is 7 cm, or, expressed as a fraction of the 3900 
km baseline, about 2 parts in 10^. The values of the source coordinates 
from these solutions have an RMS scatter of O'.'OIS or less, except for 
, the declinations of the low-declination sources for which our ob erva- 
‘ Cions have less sensitivity. The values for these coordinates appear to 
be somewhat more accurate than our previously published results (Clark 
.'j > ^976) and will be discussed more fully in a separate paper. 

To examine how the repeatability of the baseline results might have been 
affected by the prior availability of sufficiently accurate values of 
the source coordinates, we obtained new solutions with each source 
coordinate fixed at the weighted mean of its values from the 14 separate 
solutions, thereby reducing the number of parameters estimated in each 
solution from about 30 to about 10. We would expect the RMS 
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Figure 1. Differences between the estinfates of baseline 
length and their weighted mean from 14 experiments with the 
Haystack-Owens Valley interferometer. The weighted mean of 
these estimates of baseline length was 392,888,164.4 cm. The 
value of the speed of light used to convert light travel time 
to centimeters was 2.99792458 x 10*° cm/s. The source coor- 
dinates were also estimated in these analyses. 




Wi 





Figure 2. Same as Figure 1, but with each source coordinate 
kept fixed at the same value for all analyses (see text). The 
wclglitcd me.in of these length estimates was 392,888,162.6 cm. 
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scatter to be reduced, provided that any systematic errors affecting the 
data and the model are sufficiently benign. The estimates of baseline 
length from these solutions are shown in Figure 2; the REIS scatter is 
indeed reduced, to about 4 cm, and the mean itself, as one might expect, 
changed little, by only 1.8 cm. These results indicate that at present 
VLBI can be used to determine lengths of transcontinental baselines with 
a repeatability of about 4 cm. 

( 

i It is not possible from VLBI data alone to determine the point at which 
the rotation pole of the Earth pierces its crust. It is possible, how- 
, ever, to measure changes in this position from the position at some 
/ arbitrary epoch, the position of the pole at that epoch being used to 
define the orientation of the baseline in the Earth-fixed frame. The 
ability to determine these changes is, therefore, related to the ability 
to determine the orientation of the baseline. An examination of the 
relevant error ellipsoids indicates that, for our interferometer, the 
inherent sensitivity of the VLBI data to baseline orientation is about 
a factor of four less than their sensitivity to baseline length. We 
would expect, therefore, that uncertainties in the determinations of 
changes in Che position of the pole from these data would be no greater 
than about 30 cm, equivalent to about O'.'Ol uncertainty in the deter- 
mination of the direction of the pole. 

To determine changes in the position of the pole, we combined all of Che 
data in a single analysis and estimated these changes and all other 
relevant parameters simultaneously. For one experiment, conducted on 4 
October 1976, the position of the pole was fixed at the value determined 
by the BIH, as recorded in their Circular D publications, in order to 
define the orientation of the baseline. Our results for the position of 
the pole from the other 13 experiments are shown in Figure 3 in the form 
of the difference between the VLBI and the BIH values. 

Also plotted in Figure 3 are the differences from the BIH values of the 
X component of the pole position determined by the IPMS from optical 
observations (tabulated at intervals of 0.05 years), and by the Polar 
Monitoring Service of the Defense Mapping Agency Topographic Center from 
satellite Doppler observations (tabulated at intervals of 5 days), both 
as recorded in the Series 7 publications of the U. S. Naval Observatory. 
The standard deviations for the IPMS data are typically about 50 cm or 
0'.'015. The changes with time for all three sets have a common trend, 

' systematically different from the BIH values. This common trend appears 
to have persisted at least through May 1978. Thus, the VLBI results 
seem to agree with both the IPMS results and the Doppler results better 
* than any one of the three sets agrees with the BIH values. The RMS 

scatter of the differences between the VLBI and Bill determinations shown 
in Figure 3 Is 0'.'030; the corresponding scatter for the Doppler results 
Is 0'.'020; and for the IPMS results 0V027. This scatter in the VLBI 
results is about 30 percent less than that obtained previously (Sliapiro 
a_l . , 1974; Robertson, 1975) from the analysis of VLBI observations 
made in 1972 and 1973. 
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Fii^uie 3. x-component of the pole position, from VLB! obser- 
vations (+) of extragalactlc radio sources, from Doppler 
observations ( $) of satellites, and from IPMS optical obser- 
vations U) of Galactic stars, all relative to the values 
obtained by the BIH (see text). In the analysis of the VLBl 
data, the pole position was fixed at the BIH value for the 
experiment of 4 October 1976 (•) . 
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Figure 4. Comparison of the VLBl and BIH determinations of 
I'Tl. The VLBl value for L'Tl for the experiment of 4 October 
1976 was fixed at the BIH value {•). 
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Figure A shows the corresponding comparison of the VLSI and BIH results 
for UTl, obtained from the same analysis, with UTl having been set at 
the BIH value for A October 1976. The RMS scatter here, about 0?002, 
is again less than Chat obtained previously (Shapiro £l • , 197A; 
Robertson, 1975) and is about Che same as the scatter seen in the UTl 
determinations from lunar laser ranging (King et al . , 1978; see also 
Stole £t a^. , 1976). 

In this paper we have summarized our current ability to determine base- 
line lengths, pole position, and Earth rotation with VLBl. Another 
paper presented at this conference (Carter ^ al^. , 1979) addresses plans 
we have for the improvement of both the quality and the quantity of such 
determinations. 
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DISCUSSION 

J. D. Mulholland: The equations given by Johnston suggest that your 

claim Co solve directly for UTl assumes Chat the Z-compunent of Che 
baseline is known without error. 

W. E. Carter: The determination of UTl is relatively insensitive to 

small errors in Z. 
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A. R. Robbins: I believe that tapes have to be played back in real 

time for cross-correlation, and that very few organizations can 
carry this out. Consequently it takes a very long time to get 
results from experiments. Can you comment on this? 

W. E. Carter: The Mark III VLSI system, which will be utilized in 

project POLARIS, has been designed with a high degree of automation 
of the data handling and processing which will allow the solutions 
to be completed in a matter of days after receipt at the processing 
facility. In the future, communications satellites may be utilized, 
and the results could be determined nearly in real time. 

K. Johnston: What form of atmospheric correction did you apply to the 

data? If H2O radiometers had been used to measure the H2O atmos- 
pheric content along the line of sight, how would this have improved 
the accuracy of your results? 

U. E. Carter: Only surface meteorologiral measurements were used with 

a model derived by J. Marini at NASA. It appears that H^O radio- 
meters may reduce the uncertainty in the atmospheric corrections to 
thd sub-centimeter level. 
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ABSTRACT 

Very-long-baseline interferometry (VLBI) observations made with a 3900 km baseline interferom- 
eter (Haystack Observatory in Massachusetts to Owens Valley Observatory in California) have been 
used to estimate changes in the X-component of the position of the Earth’s pole and in UTl. These 
estimates are compared with corresponding ones from lunar laser ranging, satellite laser ran^ng, 
satellite Doppler, and stellar observations. 
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INTRODUCTION 

Significant progress is being made in the technology of measuring the motion of the Earth’s pole 
and the irregularities in the Earth’s rotation. Very-long-baseline interferometry (VLBI), lunar laser 
ranging, satellite laser ranging, and satellite Doppler observations all have the potential of measuring 
the Earth’s orientation with a precision far better than than obtainable'with classical techniques. In 
this paper we compare the VLBI determinations of polar motion and Earth rotation with the co^ 
responding results from other techniques and attempt to assess the current state of the art of such 
measurements. 


SENSITIVITY OF VLBI MEASUREMENTS TO 
POLAR MOTION AND UT1 

VLBI delay observations of extra-galactic radio sources are insensitive to translations of the VLBI 
baseline, but are sensitive to some changes in the orientation of that baseline with respect to the 
(planar) radio wavefronts. To specify orientation in space, three angles are generally required; how- 
ever, a baseline is one-dimensional and its orientation in space is specified by two angles. A rotation 
about an axis parallel to the baseline does not change the orientation of the baseline, but rather pro- 
duces at most a translation of that baseline. VLBI observations are therefore insensitive to rotations 
about any axis parallel to the baseline. This result can be expressed analytically as follows: Define 
a cartesian coordinate system fixed to the rigid Earth, with the Z-axis in the direction of the refer- 
ence pole, the X axis perpendicular to Z in the direction of the Greenwich meridian, and the Y axis 
completing a right-hand triad. Tlie changes in the coordinates of the baseline vector caused by polar 
motion and variations in UTl can be written as: 

AX = -0Y- xZ 

AY * 0X + yZ 

AZ = xX-yY 

where Q is UTl-UTC in radians, and x and y are the coordinates of the instantaneous pole, also in 
radians. Non-zero values for AX and AY will introduce a sinusoidal signature in the delays observed 
for a non-polar source because of the rotation of the Earth. A non-zero value for AZ will introduce 
a lime-independent change in the delays, whose magnitude will depend on the declination of the 
source being observed. For the case of a polar baseline (X = 0, Y ■ 0) the sensitivity to 0 vanishes, 
and <1 change in pole position introduces a sinusoid in the delay observations whose amplitude and 
phase can be used to estimate the components of this change in pole position. For the case of an 
equatorial baseline oriented parallel to the plane of the Greenwich meridian (Y ® 0, Z *» 0) the sen- 
sitivity to the y component of the pole position vanishes. 0 will introduce a sinusoidal variation in 
the observed delays, and x will introduce a constant offset in those delays. For Y ^ 0, the VLBI 
observations will be sensitive to a change in the component of the pole that is in the direction of the 
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meridian whose plane is parallel to the baseline, and insensitive to a change in the component per- 
pendicular to that plane. Thus for an equatorial baseline, the effects of polar motion and UTI are 
separable. 

The VLSI tn .asurements discussed in this paper were obtained in 14 separate experiments spread 
between September 1976 and May 1978. These experiments utilized the 37-meter-diameter an- 
tenna at the Haystack Observatory in Massachusetts, and the 40-meter-diameter antenna at the 
Owens Valley Radio Observatory in California. This baseline is nearly parallel to the Earth’s equa- 
torial plane, having a declination of less than 7 *, and is even closer to parallel to the plane of the 
Cireenwich meridian, making an angle of less than 0!S with that plane. The interferometric obser- 
vatio.ns are therefore sensitive to changes in the X-component of the position of the pole and to 
changes in UTI and are practically insensitive to changes in the Y-component of the pole. 


POLAR MOTION 

VLBl determinations of the X-component of the pole are shown in figure 1, displayed as differences 
from the corresponding values determined by the Bureau International de I’lleure (BIH). Tlie VLBI 
values show peak-to-valley excursions from the BIH values of about 80 msec of arc, or a little more 
than two meters. The error bars shown are the formal standard erron, based on an adjustment of 
the measurement errors to yield an rms value of unity for the postfit residuals. Further analysis of 
these data, including detailed studies of effects of clock and atmosphere errors, as well as inclusion 
of some additional data from NRAO and Onsala (Sweden), may change these values by amounts up 
to a few times the formal standard errors. 

VLBI measurements alone are sensitive only to changes in the pole position and therefore the zero 
point of figure 1 is necessarily arbitrary. It was set by fixing the value of the X-component of the 
pole position at the BIH value for the experiment of October 4-5, 1976. 

Figure 2 shows the two-day average values of the X-component of the pole position determined 
from satellite Doppler observations by the Defense Mapping Agency Hydrographic and Topographic 
Control (DMAHTC). Again, the values are differenced from those of the BIH and are plotted on 
the same scale as before. A clear systematic trend is present which appears to have an annual period 
with an amplitude of about 30 msec of arc; the point-to-point (short-period) scatter has an RMS of 
about 25 msec. In order to better exhibit the systematic trend, we smoothed these data by convolu- 
tion with a Gaussian function whose full-width at half-maximum was 10 days. Tlie result is shown 
in figure 3. 

Figure 4 shows the corresponding determinations of the X-component of the position of the pole 
from laser ranging observations of the LAGHOS satellite. These values were supplied to us by 
D. Smith of NASA’s Goddard Space Flight Center. Figure 5 shows these values smoothed by the 
same filter used to produce figure 3. Again, an .•nnual trend seems to be present. 
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Figure 5. 

Figure 6 shows the corresponding determination of the X-component of the position of the pole as 
determined by the International Polar Motion Service (IPMS) in Misuzawa, Japan. The IPMS em- 
ploys only classical optical observations (PZT, VZT, etc.). Even here, the annual trend away from 
the BIH is clear. 

Each of the figures of differences in estimates of pole position has a different bias. This bias can be 
removed by re-defining the “zero point.” (In fact, this procedure was used for the Doppler, satellite 
laser, and IPMS values, but for differeht spans of data.) Shifting each set of differences shown in 
our figures by the mean value of its difference from the corresponding values from the Doppler set 
yields figure 7. The consistency of the amplitudes and phases of the annual terms is quite clear. 

In order to evaluate quantitatively the short-term differences between the results from the different 
techniques, we can calculate the RMS deviation about the mean of the differences between the cor- 
responding members of each pair of results, for the dates in common. The results of these calcula- 
tions are tabulated in matrix form in table 1. The first value in the matrix indicates a 9 msec RMS 
difference between the VLBl and the Doppler estimates of the position of the pole. Since the ex- 
pected standard error in the Doppler estimates of ~ 10 msec, and the average formal standard error 
of the VLBI estimates is ~3 msec, the RMS difference is about what one would expect. Although, 
admittedly, there are only 13 VLBI estimates, this RMS difference does indicate that the systematic 
errors in the Doppler estimates are not contributing significantly to the total errors. Tire other 
values in the table are consistent with the errors in the satellite laser ranging estimates of the pole 
position being ~ 12 msec, the corresponding IPMS errors ~ 15 msec, and the BIH errors ~ 25 msec. 
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The anomalously large RMS difference between the VLBI and the BIH estimates is due to the dis- 
tribution of the VLBI values in time. The epochs of most of the VLBI observations were close to 
the extrema of the annual error in the BIH estimates. 

Table 1 

RMS Deviations about the Mean of the Differences between the Determinations 
of the X-Component of the Pole by Various Monitoring Techniques 



VLBI 
Doppler 
Satellite Laser 
IPMS ^ 
BIH 

Corrected BIH 


9 
12 
16 ms 
30 ms 
16 ms 


Doppler 


Satellite 

Laser 



18 ms 
24 ms 
17mris 



In May 1979, the BIH altered this picture by announcing that it would introduce an adj^ correc- 
tion to its X-component values in the form of an annual term and a semi-annual term. The form of 
the correction is displayed in figure 8. After application of this correction, the RMS difference 
between the BIH estimates and those from the other techniques are displayed in the last line of 
table 1 . The errors in the BIH estimates of the X-component of the position of the pole appear to 
have been reduced by the correction to about the level of the errors in the IPMS values. 


Figure 9 displays the differences between the VLBI determinations of (UTl-UTC) and the BIH de- 
terminations. As with the values of pole position, completion of a more detailed analysis of the 
VLBI observations may lead to changes in these estimates of (UTl-UTC) by amounts up to several 
times the formal standard errors. Nonetheless, the general trends in the differences from the BIH 
estimates are probably significant. 

Lunar laser ranging data have also been employed to determine variations in UTl. The UTl varia- 
tions were modeled as a piece-wise linear function, as described by King et al . (1978). To compare 
the lunar laser ranging values with the VLBI values, the laser values were converted to UTl from 
UTO at the McDonald Observatory by using the estimate of the position of the Earth’s pole as deter- 
mined from the Doppler observations. Figure 10 shows the lunar laser values compared to the 
VLBI values which have been adjusted to allow for a different value used for the precession con- 
stant in the lunar laser program. 
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The RMS differences between the lunar laser and the BIH values and between the VLBI and the 
BIH values are both 1 .6 msec, but the difference between the VLBI and the lunar laser values is only 
0.8 msec. 


Although the general agreement between the VLBI and the lunar laser values is good, more regular 
monitoring of Earth rotation with VLBI is necessary to establish the significance of any small 
P»2 msec) differences between the BIH values and those from VLBI and lunar laser ranging. 


The BIH has also published an annual and a semi-annual correction term for its UTl values. The 
form of this correction is shown in figure 1 1 . With this correction included, the RMS differences 
between the BIH and the VLBI and lunar laser results are 1.3 msec and I.l msec, respectively, still 
larger than the corresponding difference between the VLBI and the lunar laser ranging estimates of 
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Figure 11. 


CONCLUSIONS 

Tlie determination of the position of the Earth’s pole from satellite Doppler and satellite laser 
ranging observations are approaching an accuracy of ~ 10 msec of arc (30 cm). The VLBI determi- 
nations may have better accuracy, although a determination of whether the VLBI accuracy is 
indeed better, and by how much, must await the collection and analysis of a far larger set of VLBI 
data. 

The comparison of lunar laser ranging and VLBI determinations of UTI suggests that the RMS of 
the uncertainties in each set are under 1 msec. 

All of these comparisons have been hampered by the paucity of VLBI data. To rectify this prob- 
lem, the National Geodetic Survey has undertaken Project POLARIS whose object is to obtain 
VLBI data at least several times per week, starting in 1982. 
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Tlie measurement of short vector baselines \vith subcentimeter repeatability and accuracy using 
radio interferometric observations of quasars has already been demonstrated (reference 1). This 
paper describes our plans to achieve comparable performance using inexpensive, backpack portable 
equipment that processes less than one second of data per baseline redetermination. Figure 1 sum- 
marizes some of these objectives. 

Our approach exploits the full measurement accuracy inherent in the precise radio signals that will 
be broadcast by each satellite in the NAVST.'VR Global Positioning System (GPS) (reference 2). 
Figure 2 illustrates the measurement concept. The user equipment at each end of the unknown 
baseline receives signals from the same set of four or more GPS satellites. The equipment consists 
of a simple antenna, a GPS receiver, a microprocessor unit and a recording unit (reference 3). 
“Real-time” baseline determination can be accomplished by linking the microprocessor units with a 
communication channel that can transmit at the rate of about 1 kilobit per baseline redetermination. 

Each GPS receiver measures its range to each satellite by meai'ts cf 1he widc-band pseudo-noise 
P-Code modulation that is impressed on the GPS radio frequency carriers which are at 1.226 GHz 
and 1.57542 GHz (reference 4). These measurements will typically have a precision of about 0.5 
meters, which is approximately 2.5 wavelengths at a frequency of 1.57542 GHz. The primary use 
of these relatively coarse measurements in the proposed program is to assist in resolving ambiguities 
of the more precise carrier-phase measurements that will also be made (see below). 


• To develop backpack ?;sta3L€ eouipkent to keasupe vector 

BASELINES FROM - 1 K.M TO * 133 f.“. IN LE'.STH WITH SUBCENTIKETER 
TO FEW CENTIMETER ACCJRACY. 

( To DEVELOP equipment THAT IS 

• SIMPLE IN C0!.CE»T ANO I-.PLEMENTATICN 
I RELU3LE IN UNATTfCEO CPEPATICN 
t INEXPENSIVE - less '-AN S15,j03 FEP UNIT 

Fi;ure 1. Objectives. 
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Satellits 1 
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N \ 

\ ^ 
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Satellite 3 


^ 1 
0 =---'-= 1 - \ ^ ' '""w 


Satellite 4 


Terminal T' 


TerhinalY — 
Vector baseline 


Processor 


I WicESANo o.tnid:s®ct:cm. antenna to receive 1.6 GHz and 1.2 GHz GPS trans«!ssicn$ 

• Simultaneous recerticn fro.n all satellites , 

• f1lCP.OPPO:E5ST»-:CNTRC'...s3 SYSTEM FOR DATA COLLECTION AND FORMATTING 

• Data storage Aro/OR LC«-v3LaME data link to microprocessor-based data analyzer 

Fi;ure2. GPS measurement concept. 


The same knowledge of the pseudo-noise modulation on the transmitted GPS signal that enables the 
receiver to make coarse range measure.ments also enables that modulation to be stripped from the re- 
ceived signal, leaving a sinusoidal co.r.ponent that is modulated only by a low speed (50 bit/second) 
biphase encoded data signal. This data modulated carrier is tracked in current CPS receivers by a 
‘‘Costas” r^-3sc detector, which uses a phase doubling nonlinearity to remove the effect of the 
biphase modulation (reference 5). The output of the loop is an unmodulated tone. The phase 
tracking error will be approximately 8“ in typical noise environments; this value corresponds to ap- 
proximately 4 mm at the GPS carrier frequencies (reference 6). The mcasure.-nent is ambiguous by 
.multiples c:' half the wavelength (approximately 10 cm) because the Costas loo? output does not 
distinguish ‘retween input phases that differ by 180“. However, by using .knowledge of the data 
signal format, one can regain the “lost” factor of two and obtain whole-wavelength (20 cm) spacing 
of the ambiguities. 

Tne carrier phases obtained from the signals from four or more satellites (see figure 3) at cacii end 
of a baseline yield an extremely precise, albeit ambiguous, detennination of the vector baseline (ref- 
erence 3). One primary objective cf the current plan is to assess the adequacy and flexibility of 
several alternatives for resolution of the ambiguities with simple equipment. Two leading approaches 


1 . Collect data from satellite observations over several hours during wliich the satellite geom- 
etry changes significantly. If the number of potential ambiguities from observations of 
each satellite is small, then the set of ambiguity values, one value for each satellite, that 
corresponds to tlie weighted least squares fit to the data will usually be the correct one. 
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CARR ICR 
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-,'itesna 2 


OUTPUT OF CARNIER TRACKING LOOP OF 

Receiver 1 

OUTPUT OF CARRIER TRACKING LOOP OF 

Receiver 2 


“yww 


*12 * *1 * *2 f'EKSUREO PRECISELY, A'.StlT A-3ICUOUSLY 

differential TI.-E delay - ♦j2/caRRIER freojency 


TI-E 


Figure 3. GPS signal processing concept ("reconstructed carrier"). 


Tii» :;chniqiu' is described in reference 1. Wc note that all data used to resolve anrbiaui- 
;;es :je usable also for accurate determination of the baseline vector, after the ambiguities 
are resolved. 


r. .Measure the phase difference between the two CPS carriers received at each end of the 
raselr.e from each satellite to within a few degrees (note that both GPS carriers are syn- 
thesized coherently from the same oscillator). Tlie corresponding phase-delay ambiguities 
will light-time eLiuivalents of integral multiples of the 0.43 m half-wavelength for the 
difference frequency (349 MHz). TlTis approach is similar to the use of multiple tones in 
O.MEG.A to resolve “lane" ambiguities (reference 7). Used in conjunction with the coarse 
range measurement, the phase from both GPS carriers will allow a reduction iq the initial 
aentiguities of the phase delay estimates. As the baseline length increases, the effectiveness 
cf this technique will decrease because of ionospberic effects. 

.As the ;Irs: gf.ase in the development of the intended system, wc plan to conduct an experimental 
progc-T. usL'.g commercially supplied GPS receivers. One or more standard baselines defined by 
:ecei"_".z anttr.nas will be established and surveyed. Kach leg will be less than 100 meters in length. 
GPS ‘igr.ils received by the antennas will be processed to make a scries of baseline determinations 
u.'.der . ■••-de rc.nge of environmental conditions. The objectives of this experiment arc: 

! :o iirertain whether the accuracy of the baseline determination meets our goal (see fgure 


1. :o atsiss different techniques for ambiguity resolution; and 

}. to Lerermine '■vhe'hvr th- p-'-vit GPS sier.al structure will allow the development ofine.x- 
pcr.:.ve and effective ground equipment. 
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1) Exploitation op knomn ‘pskudorandon* iicnal structure 


CAIN. 

2) Satellite transmitted pomer and signal processing gain 

VIELO A MEASUREMENT I'.A EXCEEDING 35 d3 PER HZ, EVEN USING 
A MODEST RECEIVER, ■ 430*K (NOISE FIGURE ■ 4,0 dB) . 

3) GPS BROADCASTS ACCURATE EPHEMERIS DATA, 

4) GPS SUPPORTS CLOCK STNCHRCNIZATION TO lO's OF NS SO T»UT 
:riMERENT EPHEMERIS ACCURACY CAN BE EASILY EXPLOITED, 

Figure 4. Why size, weight and complexity objectives ire feasible. 
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AUiLN 

USi DCTERHINItTIC PHOPEKTIES OP 
GPS SIGNALS 

Kicm nususEnihT SNR 

OlNIDIRECTIOML ANTENNA 

Sinultaneous oiservation and 
parallel channel receiver and 

NIGH NEASUREnENT SNR 

Snort heasurehent intervals 

DIRECT CARRIER PHASE HEASUREHENTS 


•Steady statl ■ ahbigoity removed 


CorntfluLiiEE 

MICH MEASUREMENT SNR 

Can use omnidirectional antennaj 

INEXPENSIVE RECEIVER 
liD SEAM STEERING 

Simultaneous osservation of all 

SATELLITES 

Carrier phase measurements is about 
1 sEco;<o Aim baseline update every 

SECOND IN STEADY STATE* 

CjARTZ crystal CLOCKS 

simple NUMERICAL PROCESSING IN STEADY 
state, based ON SOLUTION OF LINEAR 
EQUATIONS 


Figure 5. Properties of GPS-based system . 


e ^.HBIGUITY RESOLUTION REQUIRED AT START AND OCCASIONALLY 
THEREAFTER; 

- I.E., WHENEVER THERE IS A ‘wt <0* ENOUGH INTERVAL 
SETWEEN SASELINE MEAS J>l*-ENTS ''HAT THE SASELlNE 
may change significantly 

• Resolve ahbiguities by applying ccncepts tested in 

HaySTACK-MESTFORD EXPERIMiNTS AND AUGMENTED BY USE 
OF TWO FREQUENCY BANDS FOR ICSOSF-ERE REDUCTION 

- USE CODE MODULATION (SRC.,* DELAY) FOR COARSE. 

BUT UNAHBICUOUS BASELINE DETlAMItMTION 

TIME REQUIRED DIRE’.DS OH EXTENT OF 
CRO'JND Clutter (-ultirath) 

- USE CARRIER PHASES FD» »EFInE3 BASELINE DETERMINATION 

Figure 6. ArTbiju ty resolution. 
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Objectives 

• Assess akbiguity resolution techniques. 

• Demonstrate accuracy of baseline determination. 

Figure?. Experimental program. 




CROSSED DIPOLE ANTENNA 
WITH GROUND PUNE 


CSDL 


Roof 



BASELINE 

tSTIHATES 


V 


Figures. Experimental configuration. 


pL\Iua£i 

• Very Short Baseline - < ICO meters 

(Results can be accurately checked by independent 
TECHNIQUES. Ionospheric removal not tested.) 

4 uro *'.£Cclv£^S 

• Crossed Dipole Antennas «ith Groundplane 

• Precise Phase flEASUREMENTS o.n Reconstructed Carrier 

• Low Data Volume for Each Baseline Reoetermination 
(less than 1 K bit) 

Figures. Expjrimental program. 
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Charles C. Counselman III and Irwin 1. Shapiro' 

Deparimeni of Ea~th and Hanelary Sciences, Massachusells Inslilule of Technology 
Cambridge. Mauachuveiis 021 J9 

A three-dimensional geodetic measuienent of the I.24-km Haystack-Westford base line vector »as 
performed to verily the accurac>' of previously published radio interferometric measurements. The differ- 
ences between the geodetic and the very long base line inlerferomeliy (VLBI) measurements of the base 
line length, the horuonlal .V and P components, and the vertical Z component were —4. 2, 4, and —19 
mm, respectively. Affer a correction was applied to the VLBI detennination of the vertical component to 
account for a recently measured, repeatable gravitational flexure of the Haystack antenna, the discrep- 
ancy in this component was reduced to -6 mm. Other possible repeatable flexures in the two antennas, 
which have not yet been measures!, could either further reduce or increase this discrepancy 


1. Introduction 

Rogers el ai. [1978) and Koherison et ul. [1979) report icsulls 
ol very lor.g base line interferometry (VLBI) experiments that 
demonstrate repeatability in base line length at the 3-mm 
level ovei short distances and at the 4-cm level over trans- 
, continental distances, respectively. For most applications, re- 
peataLility alone is sulhcieDt. However, if Vl.EI measure- 
ments are to be compared to, or combined with, 
nieasii.cnicnts made by did'erent methods, it is nece.s.sary that 
any sienificant biases he determined. The National Geodetic 
Surve (NGS) has therefore undertaken comparisons of the 
results of VLBI experiments with tho.se of appropriately se- 
lected , rational' geodetic methods [Hoihem, 1979; Hothem 
et ai, 1979, iSiell cl ai, 1979; Strange and Hothem, 1980) (see 
also Hinteregger et ai (1972) and Ong et ai (1976)). Here we 
report h results of a comparison with the VLBI determina- 
tion [i.ogcrs cl ai, 1978] of the 1.24-km base line vector from 
the Havsi.ick to the We.siford antennas in Massaehu.setts. 

2. Gt.odltiu MFASURKMI MS 

The I! lystack and Westford antennas have clevalion-a/.i- 
muth inoiinLs. The Haystack mount (Figure I) has inter- 
.sectim t'es. and the point of intersection is defined to be the 
ongin 1 - the ba.sc line sector. The Westford mount is eccen- 
tric. and the termination of the ha.se line vector is detined to 
he the po'r.i of inicrseetion of the vertical axis and the hori- 
zontal pi; lie that contains the horizontal axis (Figure 2). Nei- 
ther re‘'-' 'ncc point coincides with a physical monument, hut 
both a i.ccs.siblc via measurements from nearby reference 
marks. We emphasize that this base line vector was not deter- 

'AIsu ..ted with Depar'ment of Physics, Ma.s.sacbu.sclls Institute 
of 1 echnol4>gy, Lambiidgc, Ma.vsachusclls 02139. 

This 1 1 IS mil sunji.i.1 lo t S. copyright. Published in I9W) by 

the Amc n Ocop!iyi»ral I'r.ion 


mined with rcs^leet to the center of mass of the earth, cither hy 
the geodetic survey or by V! BI. 

The ba.se line is obstructed by terrain, vegetation, and the 
radio telescope enclosures. Thus it was necessary to survey the 
network .shown in Figure 3. NGS personnel Jc.>tgucu and per- 
formed the .survey as well as reduced and analyzed the data. 
Haystack Observatory personnel performed only sup(Kiri ac- 
tivities. such as making holes in the Haystack radome for lines 
of sight. (The Westford telescope was tempor.iiily witho’ • it 
radoinc as a result of a freak storm in May 1977.) Extraordi- 
nar;. pri’cedurcs were followed ir the survey in order to re- 
duce the uncertainty in determining each coniponeni of ih 
ba.se line sector. For example, a special NGS team dis, 'f 
fioni the original, was u.sed to remeasure the vci'.iv'al c >iti 
ponent of the base line (see section 4) Detailed dc*^crip(ioris of 
the surveying methods, instrumentation, data reduction priv 
cedures, .ind analy.sis are given by Carter et at [1979). The fi- 
nal results arc shown in Table 1. 

3. VI BI MtA.SUKl MtNTS 

The Hjysi,uck-Westford ba.se line vcctcir was determine by 
Rogers ei ai |1978) II times from separate sets of VI.BI nea- 
surements during the period October 1974 to Januar, 197o. 
■fhe Ncat .T between the re.sulis from the different experiments 
was signiiicantly larger than would be expected from ’.be for- 
mal standard errors for the dcicmination of the b ise line 

nil ais from the individual cxperinicnts. thus i iica'ing 
the presence of significant systematic errors. One impoiiani 
r .nirtbi.fng factor lo the increa.scd scatter wa-. tin i onif e:. 
calibration of the receiver systems. Subsequent completion 
: ml ilktii >n of a calibration system prompt'd a t" Iflb Je 

term. nation of the base line vector, which was can. -• on: , . 
Mav 8 Q |077. The results are compared in Table -vith the 
( ,i; • ri-.tns from II prior VLBI expci m is. .he 

cii'Per™.. ore 'ufficiently small that tbe ovc'all means are 
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'i>cal Axis — 



Fig. 1 The Havsiuck radio lele^cope. endused in a 46-m -diameter 
space-friit.e radome. is a T7-m-diameter Casscgraiii-lype iiistru:u 
with inlerseLting elevation (horizontal) and azimuth (veimal) axe.-. 
Tile monument esiabli.vhed .luring the geodetic survey. Hayetack 
T runnion, is indicated in the ligure. 


not significantly changed bv the inclusion of the results from 
the twelfth experiment. 
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Fig. 3. Sketch of the geodetic neiwnrV The dashed line rerresents 
the 1.24-km Haystack-Westl'ord base line vector 


4. Comparison op Gkouetic and VLBI Rt.si'tTS 

Table 3 shows the differences between the geodetic and the 
mean of the VLBI dcternnnaiions of the Hayvwck-We.siford 
base line components. The only significant discrepancy is in 
the Z compi'nent. that is. along the local vertical This result is 
not too surprising: Any gravitationally induced tlexure of ei- 



l ig. 2. 
inllaied ra.' 
(numnu'i 
lished dun. 
the figure 


a VAe.sti.ird radio leleMope. criclu.sed in a 3U-m-d.anictei 
c. isan l.s-m-dianiiTer Cassegrain-lype in«trui’-.''ii vd'h 
t r'rvati-n and azimuth axes The m ir'ii n- 

ae gc.sdciic survey. Westford .ynteniia, is indicated in 


ther telescope is expected to be primarily a funciiuit of ele- a- 
tion angle and to ‘map' directly into the estimate t’ the Leal 
vertical component in the analysis of the VLBI au . wi.i.nis. 
The (lossible presence of such flexures P"d their iikt.y effect 
were emphasized by Roe.ers ct al. [197!?). 

Two actions were taken to try to identify directly the 
source of the discrepancy: (I) NGS employed a spcci •! tec t, 
as mentioned in section 2. to remeasure the base line. The re- 
sultant value of Z agreed with the original towithin 3 P— 'f 
'laystack Observatory personnel, wit'., 'he ai."* of Liiu 
oratory personnel, made a limited set of measurement ' 
rpcn.surate w'ith available rcssiutces) of th; 2c* lira! bein’ 
the two telescopes, A relatively large effect was discover- ' - 
the May.stack telescope: As the elevation ai.gic E .if ilie 


XBI.I I 


Results From fieodriic Measuren-inU of Ha; 
Westford Base Line Vcctiu 


Base Line C haracteristic* 

Vaiue.f ra 


X comptment 

-1149 SI! irtliliP 


) comp.)nent 

-462.iVo±0Ui3 


Z eomp.inenl 

-3n024 ± 0 001 


Length 

12.19 .V'OttMIO! 



•The origin of ihe standard (left-handedl Cartesian uxirdinate o «- 
'«v: IS the I, lereiice point at llaysuck (see I igure 1 1; the V dii *v : 
IS .iwl ol asiroiiomic north, and the / direrlim that of Ihe l.-. al vciu- 
cal. positive upward The coordinate svsiem was oper— . " ii*ier. 

mined in a manner consistent with the FK4 Fundaineii sur ( ata- 
1 and the Bureau Inlernali.inal de niciire publicatF . la-'e 
position and universal lime (HT I* Fhe astronomic laliti.... and Ion- 
ic .lelcriiiined for Mays'ack we'e 42*3' 2I.Kii • ' 
' |Ui)7' W. respectively The saivey perf^- iicd mil., 
t fhe unceriainlies shown are the lormal standard errors \Cttrirr el. 
a! •0191 
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CM-TfR fT i*L CioncTir ANi> Radio Infliu tJtoMi iric Mlasurkmenis Comcarison 
TABI.U 2. Rrsulis I rum VLBI Mcasuremenu of Havsliick-Wesllord Base Line Vector 


Base Line 
C'haraclcrislu'* 


Mean ol 1 1 
Deleiminalions, f nt 
\Rogfrs et at., 1978) 

component - 1 149 594 ± 0 003 -1 149.597 ± 0.001 0 003 

yeompsment -462 200 ± 0.005 -462,196 ± 0 001 -0.004 

le i. component -30.005 ± 0.007 -30.002 ± 0.003 -0.003 

ORIGINAL Length 1239.394 * 0.003 1239,394 * 0.001 0000 

OF POOR QUALITY. The ongin oF the cooidinate system ami the axis direction.s are the same as those for Table 1, except 
that here the VLRI catalog of positions of extragalactic radio sources (Rogert ei ai, 1978] was used in 
place of the FK4 Fundamental Star Catalog. The two catalogs were inlercomparrd for one member, a 
■ radio star in the FK4 list, and the dilference in position was -0.1" [Clark et al , 1976], equivalent to a 

distance of -0.6 mm for this ha.se hne. 

tThc uncertainties shown are the rool-weighicd-mcaii-square scatters of the individual results about 
their weighted means. 

|The uncertainties are the formal standard errors obtained for the rool-mean-square of the posifn re- 
siduals set to unity b> unitorm scaling of the individual measurement errors by a factor of 0.9. (Sec 
Ruftrs er at (1978| for a discussion.) 

jiDilfercnce between the mean of 1 1 deterrr.:nations and the twelAh dcirrminalicn tsce icai). 


Twelllh 

Determination. ^ m 
(See Text) 


1 )i (Terence, {i 


-1149.597 ±0.001 
-462,196 * 0 001 
-30.002 * 0.003 
1239,394*0.001 


lenna increases, the distance between the receiver housing and 
the subrell -ctor increa.ses (see Figure I). This increase Is well 
approximated by 13 stn T, mm. The ellcct of this variation tn 
the length of the optical path through the telescope exactly 
mimics the effect of lowering the reference point on the tele- 
scope. The resultant error introduced in the VLBI estimate of 
the vertical component of the base line vector was 13 mm. 
Other measurements of the dependence on elevation angle of 
disl.ances between various parts of the telescope stnictures dis- 
clo.scd no changes more than 2 mm. and the net effect of these 
was under I mm. 

These investigations thus ideiitihcd the .source of apprexi- 
inaiely 7(Y of the di.screpancy between the geodetic and the 
VLBI determinations of Z (see Table 3). The cxi.ster.ee of ad- 
ditional significant flexure effects, particularly of the primary 
I reflectors of the two telescopes h:”-. not K-cn ruled out. Of 
course, an accounting lor such effects could either further re- 
duce or intrea.se ilic discrepancy iKUwcen the VLBI and ihe 
geodetic n -ults. -• 


Aeknort^i ’Kmrnti. We thank T. A. Clark of the ticwldard Space 
Might t enter and the Haystack Obscrvalorv staff for their valuable 
assisl.intc e panitularly thank C. A Knight and A R Whitney of 
Haystack loi their aid in the VLlll expenments and II. L. Sellers of 
Haystack and D Stuart of I incoln l..iborator> , who mea.sured the 
gravitational llcxures of the telescopes. 


TABI.E 3. Comparison ol the tieodetir and VI HI Mea.sureiiients 
Ilf the Haystack- Wesiford Base Line Vector 

Difference Between IJeodeln Value 
and Mean VI. HI Value, m 


Bicsc I me — 

Characiiiistic* llncorrecledt Partially Correctedf 

X com) 1 cm 0.(107 0 0.12 

Pcompi.r m 0(K)4 0.0)4 

Zcomr nt -0 019 -0.006 

I.cpgth -0.004 -0.004 

*See Tahi. I and 2 for dcfinilions ofasixordin ile system. 

tUncorri. d (or gravitational (lexiiie ol tcicscispes (sec text) 
f After pa il correction lor grasilaiioiial Ilexurc of Haystack lele- 
K'opc (see I I 
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Abstract . Analysis of very-long-baseline 
interferometer (VLBI) observations yielded es- 
timates of the distances between three radio 
telescopes in the United States and one in 
Sweden, with formal standard errors of a few 
centimeters: Westford, Hassachusetts-Onsala, 
Sweden; 5,599,71'(.66t0.03m: Green Bank, West 
Virginia-Onsala, Sweden: 6,319,317.75t0.03m; and 
Owens Valley, California-Onsala, Sweden: 
7,91‘*,131.19t0.04m, where the earth-fixed refer- 
ence points are defined in each case with re- 
spect to the axes of the telescopes. The actual 
standard errors are difficult to estimate re- 
liably but are probably not greater than twice 
the formal errors . 

1. Introduction 

Very long baseline Interferometry (VLBI) has 
been used for the past decade to determine 
distances between radio telescope.-^ and positions 
of radio sources. Improvement in the precision 
of baseline length determination in North 
America over this period has been substantial — 
from a precision of about 1 m [Hinteregger et 
al., 1972] to a precision of under five centi- 
meters [Robertson et al., 1979] for baselines 
from about 1000 km to Just under 4000 km in 
length. Near the middle of the decade, dis- 
tances between North America . nd Europe were 
determined with a precision of about half a 
meter [Robertson, 1975; see Piso Cannon et al., 
1979]. In this paper we dem'.Tibe more recent 
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VLBI determinations, with subdecimeter preci- 
sion, of these intercontinental distances. 

2. Data Analysis 

The data analyzed consisted of interfero- 
metric group delays [Shapiro, 1976] which were 
obtained from three sessions of observations 
Involving up to four antennas, as described in 
Table 1. All observations were made with the 
Hark I VLBI system with a center radio frequency 
of about 6 GHz. A multichannel bandwidth syn- 
thesis technique [Whitney et al., 1976] was 
used. Ebch recorded channel had the Hark I 
bandwidth of 360 kHz. whereas the synthesized 
bandwidth was j>100 MHz in the first session of 
observations and ^>300 MHz in the last two ses- 
sions. A hydrogen maser frequency standard of 
modern, post-1970, design was used at each 
telescope for each session. 

The Cartesian coordinate system used in the 
analysis was geocentric and earth-fixed with the 
Z axis parallel to the mean pole of rotation of 
1900-1905. as defined by the International 
Latitude Service and maintained by the Bureau 
International de I'Heure (BIH). The X axis was 
defined to be perpendicular to the Z axis and in 
the direction of the Greenwich meridian. The Y 
axis completed the right-handed triad. Opera- 
tionally, the origin of this system was defined 
by the coordinates for the intersection of the 
azimuth and elevation axes of the Haystack radio 
telescope, obtained from a combination of space- 
craft-tracking and VLBI observations made at 
various sites. The orientation was defined by 
the BIH values for pole position and UT1 (1968 
system), with the addition of fortnightly and 
monthly terms of small amplitude [Woolard, 

1959], and by the models for diurnal polar 
motion [McClure, 1973] and earth tides (based on 
ephemeris positions of the moon and sun, on the 
Love numbers h ■ 0.61 and I • 0.09, and on the 
assianption of no dissipation). The small ef- 
fects of antenna deformations [Carter et al., 
1980], ocean loading, plate tectonics, and other 
errors in the model were Ignored in view of the 
limited precision of the measurements being 
analyzed. 

The orientation of this earth-fixed coordi- 
nate system in inertial space (with respect to 
the mean equinox and equator of 1950.0), was 
defined by the pole position, by UT1 and by the 
standard formulas for sidereal time, nutation, 
and precession, with certain small corrections: 
Woolard's [1953] theory as modified by Melchior 
[1971] was used for nutation; and 5,0277678 per 
tropical century at 1950.0 was taken for the 
precession constant. The origin of right ascen- 
sion was defined by the value 12 hr 26 min 
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TABLE 1. Summary of VLBI 

Observations 


^Observation 

Session 

Dates 

Duration 

hours 

t 

Antennas* 

Number of 
Sourcest 

Declination Range 
of Sources, 
deg 

Number of 
Group- Delay 
Observations'* 

1 

Sept. 21-25, 1977 

88tt 

H,N,0 

10(6) 

-5.5 to 50.8 

529 (151) 

2 

Feb. 2A-26, 1978 

50 

H,0,V 

8(A) 

0.5 to 50.8 

291 (77) 

3 

May 17-19, 1978 

A5 

H.O.N.V 

10(10) 

-5.5 to 50.8 

830 (258) 


■ H ! 37 -m diameter telescope of the Haystack Observatory, Westford, Massachusetts; N • k3-n 

diameter telescope of the National Radio Astronomy Observatory (NRAO), Green Bank, West Virginia; 
0 i 20-m diameter telescope of the Onsala Space Observatory, Onsala, Sweden; and V i AO-m 
diameter telescope of the Owens Valley Radio Observatory, Big Pine, California, 
t The sources observed are listed in the caption to Figure 1. The numbers of sources observed at 
Onsala are given in parentheses. 

** The numbers of observations involving Onsala are given in parentheses, 
tt Onsala participated for the last 62 hours. 
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33.2A6 see for the radio source 3C 273B (ellip- 
tic aberration removed). 

Using this framework and a theoretical model 
for the group d^ays (Robertson, 1975; Ma, 

1978], we estimated by weighted least squares 
the baseline vectors, the source positions, and 
the other relevant parameters. Included In the 
last category are parameters that allow for the 
estimation of changes in pole position and 
variations in UT1 when d.>ta from two or more 
sessions of observations are combined [Shapiro 
et al.. 197A. 1976; Robertson et al., 1979]. In 
addition to these purely geometric parameters 
there are parameters in the model that represent 
the effects on th.- group delays of the propaga- 
tion mediun and of the behavior of the clocks at 
the various radio telescopes. The representa- 
tion of the propagation medium includes the 
zenith tropospheric delay as a parameter. Since 
the signal delay thrugh the troposphere varies 
with time and with location, a nimber of such 
parameters are utilized with this model. The 
effects of the iono.)(here, always under j>1 ns In 
the zenith direction, but not separately model- 
ed, are largely absorbed by these parameters 
because of the similarity in the signature in 
the group delays of the ionosphere and the 
troposphere. The representation of the behavior 
of the clock at one site relative to that at 
another consists of a polynomial in time of low 
order with the coefficients as parameters, the 
first two denoting the epoch and rate offsets. 
Since the clocks drift unpredlctably with time, 
a number of such polynomials are usually employed. 

The choice of the number of parameters to 
represent the combined effects of the tropo- 
sphere and the Ionosphere and the behavior of 
the clocks as well as the choice of the time 
interval of applicability of each parameter are 
to a certain extent subjective. We therefore 
investigated the effects on the results of a 
variety of such choices. As extremes for the 
representation of the troposphere and the iono- 
sphere, we considered for each telescope the use 
of one parameter for the zenith delay for each 
session of observations and one such parameter 
for each 12-hour period of observations. For 
the clock behavior we chose the clock at 


Haystack as the reference and considered for ( 

each other telescope for each session the use f | 
one parameter each for the relative offsets in i 
epoch, rate, and (In several instances) rate of | 

change of rate. The intervals of applicability | 

of such 'clock polynomials' ranged from 7.5 to 
2A hours; only for this latter case was a para- 
meter Included for the rate of change of rate. 

The variations in the estimates of baseline 
lengths resulting from these different parame- 
ter! zations were up to 1.8 and 1.2 times the 
corresponding standard deviation obtained for 
the adopted parameterization for the data from 
each of the first two sessions and from the | 

third session, respectively. In view of this 
stability, we deem it unlikely that either the t 

propagation mediun or the behavior of the clocks ' 

has Introduced errors in baseline length much in | 
excess of the formal standard deviations. The i 
adopted choice of epochs and intervals of I 

applicability for these parameters (see section ' 
A) was based primarily on examination of the i 

postfit residuals, especially those from obser- 
vations at low elevation angles for the para- 
meters representing the behavior of the propa- 
gation medium. 

The inverse of the weight for each group : 

delay was obtained from the sun of the variance | 
found from a signal-to-nolse analysis [Whitney, 

197A] and an ad hoc term included to account for | 
error sources that were not a function of signal 
strength. The inclusion of this term was moti- 
vated by the desire to (1) allow for the effects 
of systematic errors, and, relatedly, (2) weight 
the observations of the different sources more j 
evenly, since for some strong sources the 
signal-to-noise analysis yielded uncertainties 
that were well below the suspected contributions 
of other errors. The magnitude of this ad hoc 
term was assumed constant for the data for a 
given baseline for a given session of obser- 
vations. Its value was obtained from the con- 
straint that chi-square per degree of freedom be 
unity, and its square root ranged from 0.10 to 
0.25 ns. Omitting this ad hoc term from the 
variances changed the estimates of baseline 
length by up to 1.2 times the standard devia- 
tions obtained with this term included. 
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Table 2 gives our estiaates of the dlstani es 
between the radio telescope In Sweden and thu 
three ir. the United States. The reference point 
for each telescope Is the intersection of the 
azimuth and elevation aies, ezcept for the NRAO 
telescope where the reference Is the point on 
the polar axis closest to the (nonintersecting) 
equatorial axis [Hlnteregger et al., 1972]. 

Typical postflt residuals from the simultan- 
eous analysis of the data from all sessions are 
shown in Figure 1. The root mean square of 
these residuals ranged from 0.13 ns for the 
Haystack-NRAO data from the last session to 0.99 
ns for the Onsala-NRAO data from the first 
session, the ratio being approximately as ex- 
pected In view of (1) the threefold smaller 
synthesized bandwidth used in the first session 
of observations, (2) the generally larger corre- 
lated flux densities obtained from observations 
involving the shorter baselines, and (3) the 
slightly higher sensitivity of the Haystack-NRAO 
system compared to the Onsala-NRAO system. 

The repeatability of the estimates of the 
baseline lengths shown In Table 2 Indicates that 
the formal standard errors may not be much 
smaller than the actual errors. However, one 
fact detracts from the importance of this indi- 
cation: The uncertainties of the estimates of 

baseline lengths from the third session of 
observations were much smaller than those from 
the second i^lch, in turn, were smaller than 
those from the first. The disparity between the 
uncertainties from the first and second sessions 
was due primarily to the contrast in synthesized 
bandwidths. The further discrepancy between the 
uncertai ties from the first two sessions and 
those from the third was due mainly to geometry; 
the schedule of observations for the first two 
sessions was controlled by requirements of other 
experiments involving only the U.S. antennas and 
therefore did not properly provide for Onsala's 
participation. 

The estimates for the propagation delay 
through the atmosphere and ionosphere in the 
zenith direction ranged from 5.7 ns (NRAO) to 
6.2 ns (Onsala); the estimates for the clock 
parameters were also each in approximate accord 
with expectations, ranging up to 23 Cor epoch 
offsets and from v3x10*‘* tov>2x10''* for rate 
offsets. 

The estimates for the source positions, the 
distances between the radio telescopes in the 
United States, and the pole position and UT1 
variations will be given elsewhere and discussed 
there along with a much larger collection of 
VLBI observations that involved only the tele- 
scopes in the United States. 

k. Conclusions 


Combination of data from three sessions of 
VLBI observations involving sites in Sweden and 
the United States yielded results of subdeci- 
meter precision in the determination of the 
intercontinental distances. Since sufficiently 
^ accurate and well-distributed observations to 

determine baselines to Sweden with subdecimeter 
precision were available for only one session, 
the data are not useful for the establishment of 
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Fig. 1. Postfit residuals from the adopted sol- 
ution (see Table 2) for the Haystack-Onsala 
group-delay measurements from session 3 (aaa 
Table 1). The root mean square of these resi- 
duals is 0.25 ns- The vertical bars represent 
t1 standard deviation. Each letter in the fig- 
ure denotes a different radio source: A ! NRAO 

150; B 2 3C 8A; C s AC 39.25; D s 3C 273B; E s 

3C 3R5; F t VRO A2.22.01; C s 213<**00; H i 3C 

<*54.3; and I i OJ 287. One other source, ob- 
served on some baselines in session 3, was 3C 
279. See Clark et al. [1976] for approximate 
values of the coordinates for each source. 


subdecimeter repeatability. Neither are the 
earlier VLBI determinations [Robertson, 1975] 
useful since they were less precise, and. In 
addition, involved a different telescope at 
Onsala which has yet to be located accurately 
with respect to the one we utilized (Table 1). 
Further, to assess inherent accuracy, compar- 
isons would best be made with results from a 
more accurate technique. None now exists. The 
most accurate alternate technique currently 
available for the determination of these parti- 
cular intercontinental baselines is based on 
observations of the Doppler shift of radio 
signals transmitted from satellites, plus stan- 
dard ground surveys to tie the reference (>oints 
for the Doppler measurements to those for the 
VLBI determinations. Such Doppler data exist 
(W. E. Carter, private communication, 1979), but 
the analysis and the ground surveys have not 
been completed and so no comparisons can yet be 
made. 

Periodic repetitions of these intercontinen- 
tal VLBI measurements are also planned with more 
radio telescopes in the interferometer array and 
with use of our new, more powerful, Mark III 
VLBI system. This system, among other attri- 
butes records data simultaneously from two well 
separated radio frequency bands, thus allowing 
Ionospheric effects to be virtually eliminated 
as a source of error. The purpose of these 
further VLBI measurements will not only be to 
check on the repeatability of the present base- 
line determinations but, more importantly, to 
improve the precision to the level at which the 
expected [Minster and Jordan, 1978] •''1.7 cm/yr 
spreading rate between Europe and the United 


States could be detected reliably within a 
decade. 
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Introduction 


Almost fifteen years ago, while plans for the first experi- 
ments in very-long-baseline radio interferometry (VLBI) w.*re 
geststing within the minds of Canadian and United States ■'sdlo 
astronomers [1), it occurred to me that this technique could be 
used to measure the motions of the earth's crust [2], The poten- 
tial accuracy In the determination of intercontinental baselines 
with VLBI — one centimeter uncertainty from less than one day of 
observation — was so dazzling that many people treated the idea 
like pie in the sky. Funding to develop VLBI for geophysical 
applications was thus initially very difficult to obtain. None- 
theless, by January 19t9, the first b.nscllnc length was being 
determined with VLBI with the use of a bandwidth synthesis tech- 
nique [3] and a rather considerable amount of borrowed equipment. 
The result [R] gave the distance between reference points on the 
Haystack radio telescope In Massachusetts and on a radio tele- 
scope of the National Radio Astronomy Observatory in West 
Virginia as 815,13^10,002 km. The most recent VLBI determina- 
tions of this length yield [5] 815.1299010,00005 km. Still the 
potential centimeter accuracy has not been achieved. Nor have 
motions of the earth's crust been detected. The National Aero- 
nautics and Space Administration has organized the Crustal 
Dynamics Project [8] to pursue these goals. 

In the remainder of this paper, I will outline the basic 
principles underlying the determination of baselines by VLBI and 
discuss the major error sources along with the possible means for 
their reduction. Must of these topics have received considerable 
attention in the past [7], with one exception: the pitfalls of 

data analysis; I shall therefore place stress on this issue. 

Instrumentation 

A VLBI system consists of an array of at least two antennas 
that observe the same radio source simultaneously, A direct 
electrical eonrectlcn is not mrlntalned ;.etwcer the antennas, 
thus allowing then to be separated by thousands of klloneters. 

The local-oscillator signals, used at each antenna to convert the 
radio-frequency signals from, the source to the video (low-fre- 
quency) band, are derived from s frequency standard at the site. 
These standards are sufficiently stable that the relative phases 
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